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Abstract—Radix—2 fast Fourier transform programs of the
Gentleman-Sande type leave the transformed array in a scrambled order
of frequencies. Unscrambling is accomplished by moving each element
from its present location into a new location obtained by bit reversal.
Bit reversal can be interpreted as an exchange of groups of bits
symmetric with respect to a pivot. Two formulas are developed for
simultaneous and sequential exchanging in place, with negligible
auxiliary storage. Programs for one-step and sequential unscrambling
were implemented. Binary unscrambling is useful to unscramble large
arrays in peripheral storage. The one-step unscrambling program
presented is more efficient than other programs available m the
literature.

Index Terms—Bit reversal, fast Fourier transform, unscrambling.

1. INTRODUCTION

HE fast Fourier transform (FFT) programs based on the

Gentleman-Sande algorithm [1] leave the transformed
array in a scrambled order of frequencies. The unscrambling
for a radix—2 transformation is achieved by bit reversal where
the new address of an element is obtained by reversing the
order of the binary expansion of the original address. The
implementation of bit reversal on a general-purpose computer
is important since unscrambling accounts for a significant
portion of the total FFT computation time.

In this paper two formulas for unscrambling are developed
by interpreting bit reversal as an exchange of symmetric bits.
The first formula shows that a complex array of size N = 2™
can be unscrambled directly given an integer array of size /N
if M is even or \/N/2 if M is odd. The second formula is more
general; it shows that unscrambling can be performed in steps
where each step corresponds to the exchange of groups of
symmetric bits. Two applications of the formulas, the one-step
algorithm and the binary-pair algorithm, have been
implemented on a computer and listings of the programs are
included for reference. The binary-pair algorithm has been
adapted to unscramble arrays exceeding core capacity. The
binary-pair and the one-step algorithms are compared with two
others suggested in [1] and [2] for computing efficiency and
compactness of coding. All the algorithms were coded in
Fortran and the computations were carried out on the
Univac-1108 Executive 8 system.
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II. THE FFT AND THE NEED FOR BIT REVERSAL

The Fourier transform and the Fourier series are
approximated on the digital computer by a finite summation
called the discrete Fourier transform (DFT). Consider a set X
of N complex samples and denote as X' the direct DFT of X.
The elements x'(k) are defined by a finite summation

N-1

YR =x T wkx()

j=0

)

where the complex coefficient w is equal to exp (i2n/N).
Similarly, the inverse DFT is defined as

N-1
Y wkx'(k).
k=0

x() = 2
The DFT is very useful; unfortunately its computation is time
consuming. For example, the computation of X from X’
requires N2 complex multiplications and N(N — 1) complex
summations.

The FFT is an efficient computational algorithm, originated
by Cooley and Tukey [3] to compute the DFT. Many
algorithms have been developed since. Gentleman and Sande
[1] have proposed an FFT algorithm that minimizes computer
storage by using the same array for the input data and for the
transformed data. However, the transformed samples are not
stored at the proper location and the transformation must be
followed by a permutation called unscrambling. Only the
radix—2 FFT is considered in this paper. In this case NV is a
power of 2 and the unscrambling corresponds to bit reversal.

The radix—2 FFT algorithm of an array of size N = 2M is
based on the factorization of N into a product of M factors
each of which is equal to 2. It is implemented in the following
four steps: initialization; a sequence of transformations that
corresponds to a partial transformation with respect to each
factor; a division by N in the case of a direct transformation;
and an unscrambling procedure.

For example, assume that N = 8. The factorization of N
into a product of factor 2 corresponds to a binary expansion
of j and k. Substituting j = 4j; + 2j, +j, and k = 4k; + 2k,
+ k, in (2), factoring w(#/s + 2/, +7,)(4k; + 2k, + K, ) and
collecting with respect to the j; variables yields

1
Y W (ki tky)
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- X'(ksd + ka2 + ky) 3)
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where j; and k; take the values 0 and 1, w = exp (i27/8) = cos
(m/4) + isin (n/4), and the factors wi2%s8 wisk28 and
wis k316 were deleted because they remain equal to 1 for any
combinations of j,, j3, k2, and k3.

Equation (3) is implemented in the following four steps:

1
DG4+ ky2 + ky)=wi GRatk) Y 4k,
k;=0

- X'(k34 + k2 + ky) (42)
. 1 o
x(z)(jl4 +]'22+k1)=w2]2k1 Z w412k2
k,=0
cxDG 4+ k2 + k) (4b)
1 .
Ga+i2+5)= Y wHsk
k, =0
- x®G4+j,2+ k) (4¢)
x(34+ 22 +j1) =xPG 4+ 22 +3) (4d)

where (4a) to (4c) are the three partial transformations with
respect to the factor 2, and (4d) shows that a permutation is
required because the samples are stored at a wrong address
where the least significant bits are used in place of the most
significant bits.

The array X(3) is said to be scrambled because a
transformed sample, instead of being stored at the proper

location k, is stored at an address k obtained by binary
expansion of k and bit reversal. Equation (4d) shows the
unscrambling procedure, namely, that x(3)(k) is stored into
x(k), where k = j34 +j,2 +j, and k= ji14 +j,2 +j3. More
generally, when N = 2M |

M . M
k=Y j 2" landk= ) j, ,_.2""" (9
m=1 m=1

The partial transformations defined by (4a), (4b), and (4c)
are performed in place. That is, the arrays X', X(1), X(2), and
X(3®) can share the same storage, and the superscript will drop
subsequently. To continue to preserve storage one must also
perform the unscrambling in place without using an auxiliary
array. This can be accomplished by exchanging the elements
x(k) and x(k) in the Jarray X. The elements need to be
exchanged only when k>k (or alternatively when k< k).
Note that if both & > k and k < k were used, every exchange
will be canceled by an identical exchange. Therefore, un-
scrambling is defined by the sequence of exchanges

x(k) > x(k), fork>k. ©)

The index & could be computed from (5), but this
computatlon requires too many operations. Instead, note that
% is obtained from k by exchanging symmetric bits. More

precisely, the binary expansion of a general address k, 0 <k <
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N is expressed as ijM—l -jaj1, where j;=0or 1 fori=1,2,
-, M. The pivot of the address is defined to be the central bit
if M is odd and to be between two central bits if M is even. Bit
reversal corresponds to an exchange of the bits symmetric with
respect to the pivot, ie, an exchange between j, and
IM+1—m Where m < [M] with [-] denoting “integer part

of.” Clearly, the exchange is necessary only when j, #
Jpm+1—m- The exchange of pairs of bits can be performed all
in one step, or can be done sequentially in groups of one or
more pairs at a time. This property will be used to develop
efficient unscrambling formulas for unscrambling in one or
more steps. Table I shows how k is obtained from k by bit
exchange and the ordering of X before and after unscrambling.

1. FORMULA FOR ONE-STEP BIT REVERSAL

This section shows that the bit reversal defined by (6) can
be implemented in one step by the direct computation of &
from k. The two cases, M even and M odd, are similar, but do
differ sufficiently to justify separate development.

M Even

When M is even, the M bits can be equally divided into two
groups of magnitude M; = M/2. An M-bit number kK may be
expressed as a function of two M, -bit numbers k, and k, by

k=k2N1 +k1 (7)

where k=0, 1,~, (N —1),N, =2M; =+/N,and k,, k, =0,

1, -+, (¥; — 1). Thus, if the binary expansion of  is
k=i “Tm—m,+ 1Im-m, 20
then the binary expansion of k£, and &, are
kl =jM—Ml ]2]1
and
k2 =ijM—l ij—M1 +1

Therefore, the bit-reversed version k of k can be written as

k=jiis Iy i
= (jlj2 .“]'M—M!)Nl +jM—M1+1 o

=;€1N1 +I%2

Im—iim
®)

where I‘el and ‘l‘(z are obtained by bit-reversing &k, and %2,
respectively. Equations (7) and (8) will be used as a pair

k=k2N1 +k1

k=FN, +%,. ©)

Equation (8) shows that bit reversal of an M-bit group is
equivalent to the following sequence: 1) bit reversal of the M,
least significant bits, 2) bit reversal of the M; most significant
bits, and 3) exchange of the most significant and least
significant groups of M, bits. Therefore, if k is an address for
an array of size N = 2M_ where M is even, the bit-reversed
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TABLE I
EXAMPLES OF BIT REVERSAL BY EXCHANGE OF BITS?

A) M=4,N=16

Binary Binary

Expansion Expansion . Exchange
k of k of k k x(k) =x(k)

1

0 00100 00:00 0 not needed
1 00,01 10100 8 x(1)=x(8
2 00110 01:00 4 x(2) =x(4)
3 00'11 11,00 12 x(3) = x(12)
4 01,00 00'10 2 see k =2
5 01'01 10110 10 x(5) = x(10)
6 01:10 01110 6 not needed
7 01,11 11'10 14 x(7) = x(14)
8 10100 00101 1 seek =1
9 10.01 10,01 9 not needed
10 1010 01,01 5 see k=5
11 10111 1101 13 x(11) =x(13)
12 11,00 00111 3 see k=3
13 11101 10111 11 see k=11
14 11410 01111 7 seek =7
15 11511 11;11 15 not needed

B) M =5, N =32 (this table is incomplete)
0 00000 00000 0 notneeded
1 00001 10000 16 x(1) = x(16)
2 00010 01000 8 x(2) = x(8)
3 00011 11000 24 x(3) = x(24)
10 01010 01010 10 not needed
11 01011 11010 26 x(11) = x(26)
14 01110 01110 14 not needed
15 01111 11110 30 x(15) = x(30)

3Vertical dotted line denotes position of pivot.

address & of k is obtained immediately if one has a table for
the bit reversal of an array of size /N = 2M/2,

For example, Table IA) could be used to unscramble an
array X of size N = 256. In this case M = 8, M; = 4, N, = 16.
Assume that k = 52, then

k, = [k/16] =3 and k; =k — 16 k, = 4.
From Table 1A), él =2and I‘c\z = 12. It follows that
k=2016)+ 12 = 44.

M Odd

When M is odd, the M bits are divided into the following
three groups: a 1-b group on the pivot, and two groups of
magnitude M, = (M — 1)/2 symmetrically placed about the
pivot. An M-bit number k may be expressed as a function of a
1-b number j and two numbers k; and k, by

k=k,2N, +jN, +k, (10)

where k¥ = 0, 1, =, N—1), Ny = 2M: = {/N/2, and
ki,k, =0,1,,(N; —1)andj= 0, 1. Again, after bit reversal
and exchange of the least and most significant groups of bits,

one obtains
k=k22N1 +]Nl +k1

k=k, 2N, +jN, + &, . (11)

That is, if k is an address for an array of size N=2M where M
is odd, the bit reversed address k£ of k is obtained immediately
if one has a table for bit reversal of an array of size \/NJ2 =
UM — 1)/2

For example, Table IA) could be used to unscramble an
array X of size N=512. In thiscase M =9, M, =4,N, = 16.
Assume that k = 153, then k, = [k/32] = 4,j = [(k —
k2(32))/16] = 1, and k; = k — (k32 + j16) = 9. From
Table IA), k, =9, k, = 2. It follows that when k = 153,

k=9(32) + 16 + 2 = 306.

The formulas for one-step unscrambling are implemented
efficiently in Section V.

IV. AGENERAL FORMULA FOR UNSCRAMBLING IN STEPS

The unscrambling of X defined by (6) can be performed in
steps without using any auxiliary storage. Instead of a direct
motion, the element x(k) will be moved to location k,when k
> k, via a series of intermediate locations. The locations for
the intermediate exchanges are defined as k; and k, where k,
differs from k; only in the reversal of groups of bits
symmetric about the pivot. In each step the exchanges will be
Herformed only for k, >k, so as to satisfy the condition that
k be greater than k. In order to compute k, from k,, it is
necessary to express k; as a function of symmetric groups of
bits, each group consisting of one or more bits.

Let the M bits of an address be divided into five groups of
bits wy, wy, wa, wa, and ws of size My, M,, M3, M,, and
M, , respectively, such that M = 2M, + 2M, + M3, group
ws straddling the pivot, w; and ws, w,, and ws being
symmetrically placed about the pivot. If N; = 2Mi(i = 1, 2, 3),
then a general address k; can be written

kl = W5N1N2 2N3 + W4N1N2N3

+W3N1N2 +W2N1 +Wl (12)

where 0 <w,, ws <N;;0<w,, wy <N,;0<w; <Nj;.

Unscrambling in steps will be illustrated by the particular
case where only the symmetric groups of bits w, and w, are
subject to bit reversal, the other groups remaining unchanged.
If wy is replaced by w, and w, by W, in (12), this partial bit
reversal with respect to w, and w, changes k; into k,. An
exchange of elements is necessary only when k, > k;, which
implies W, > w,. Such an exchange is defined by

kl = W5N1N22N3 + W4N1N2N3 + W3N1N2 + Wle + w;

k2 = W5N1N22N3 + ﬁ2N1N2N3 + W3N1N2 + ‘2’4N1 + Wi
(13)

where w; =0, 1, -, Wy — 1); w3 =0,1,, (N3 —1);ws =



ls * (N 1
"y (N2 - 2).

Assume that the unscrambling is performed in 7/ steps, i = 1,
2, -, I, starting with the least and most significant groups of
bits. During the ith step, the bit reversal involves two
symmetric groups of bits of size M, (i), such that

é M,(@)= [%]
i=1

and the sizes of the five groups are defined by
M(1)=0
M@O)=Mi—1)+M({i—1)
M5 () =M —2M, (i) — 2M, (i).

—1);W, =(wg +1),, (N, —1);and wy =0, 1,

Clearly, a particular set of values of wy, w;; and ws defines a
block of elements, and w, and w, define the various
elements inside each block. Notice, however, that the
increment (INC = k, — k) does not depend on w;, w3 or ws
and hence all the elements with the same specified w, and w,,
i.e., one pair of elements in each block, move by the same
amount. Thus, it is more efficient to unscramble all the blocks
at the same time, by exchanging the N, 2N; pairs of elements
which correspond to the same value of INC. Equation (13) has
been used to develop various algorithms to unscramble in steps
by selecting different sets for M, (7).

For a simple illustration of (13), consider a scrambled array
X of size 16 = 2*. Assume that the unscrambling will be
performed in two steps, one pair of bits at a time, i.e., / =2
and M, (1) = M,(2) = 1. The binary expansion of an address is
given by

k=ws8+w3d +wy2+w

where w; = 0, 1. The first step of the unscrambling corresponds
to the exchange of w; and w,, when Wy, =w; =1 and wy = 0.
It is performed by exchanging four pairs of elements at
addresses defined by k;, =v + 1 and k, = 8 + v, where v =
wid + w2 =0, 2, 4, 6. The second step corresponds to the
exchange of w, and wj. It is performed by exchanging the
pair of elements defined by k; = w38 + w34 + w2 +wy, k&,
= w8 + W4 + w32 +w, forw, =w, =1and ws =0, that
is, k; =ws8 + 2 + w; and k, = wy8 + 4 + w,. Table IIA)
gives the values of k; and k, and Table IIB) shows how the
indexes of the elements that are in scrambled order become
ordered after two sets of exchanges. Unscrambling one pair of
bits at a time is denoted as binary unscrambling and is
implemented in Section V.

V. FORTRAN PROGRAMS FOR UNSCRAMBLING

Various unscrambling programs have been developed using
(9), (11), and (13). Three of these programs are briefly
discussed. UNSONE accomplishes the unscrambling in one
step with a minimum number of exchanges. UNSBIN performs
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the unscrambling one pair of bits at a time, with a minimum
amount of coding. UNSDRM is a modification of UNSBIN for
use when the core is not large enough to hold the data to
transform and it must be stored in peripheral storage.

Since the index O is not allowed in the computer, the
addresses of exchanging elements are incremented by 1. A
hybrid notation, mathematical and Fortran, is used to best
unify the mathematical development and the corresponding
Fortran implementation. The Fortran naming follows the
mathematical notation.

Subroutine UNSONE (X,M)

This subroutine is based on Section III. It unscrambles a
complex array X of size N = 2™ in one step. The program
works in the following two steps: 1) a bit-reversed array is
constructed (or read), and 2) the array X is unscrambled. The
listing is in Appendix I. By definition,

= [M/[2] and N1 = 2%*M].

The program includes two unscrambling algorithms, the
first which is based on (9) is for M even and the second which
is based on (11) is for M odd. The algorithm for M even is
written in cards 19 to 26. All the elements of X for which k,
> k2 must be exchanged. Let KU = k2 +1and KV =k, +1,
then the ranges for KU and KV are KU=1, 2, - (N——l)and
KV = (KU t 1) - N. Define a bit-reversed array X such as
X1+ 1) = IN1; then koN, = IX(kz + 1) and klNl =1X(k:.
+ 1). Equation (9) can be written

KP1 = IX(KU) + KV

KP2 = IX(KV) + KU (14)

which shows that KP1 and KP2 can be obtained easily for M
even, given /X.

The algorithm for M odd is derived in a very similar
manner. It is written in cards 28 to 40. In this case /X is
defined as IX(/ + 1) = 2IN1. Forj = 0, (11) yields

KP1=IX(KU)+ KV

KP2 =IX(KV)+ KU. (15)
However, another pair of exchanges is defined by j = 1 which
corresponds to an increment N1 of KP1 and KP2

KP1 =KP1+ N1

KP2 = KP2 + N1. (16)

Either one of the two unscrambling algorithms requires the
construction of a scaled bit-reversed array IX(I + 1) = lNX
where NX = 2MX and MX = [(M + 1)/2]. The algorithm
proposed is very compact. It is not the most efficient, but this
is secondary because the dimension of LX is relatively small. A
scaled bit-reversed array of size 2V, can be obtained easily
from a scaled bit reversed array of size ;. More precisely,
consider an array IX(k; +1) of size N;, where k; =0, 1, -, (V;
—1), and an array IX(k;, , + 1) of size N;, , = 2N;, where &k, ,
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TABLE 11
BINARY UNSCRAMBLING

A) Listof (k,,k;)

K, 1 3 5 7
Steel 2 8 10 12 14

K, 2 3 10 11
Step2 .0 4 5 12 13

»

B) Ordering of Array X by Exchange x(k, ) = x(k,)

Scrambled 0 8 4 12 2 10 6 14

array

After 014 52 36 7
one step

After 012 34 56 7
two steps

19 513 311 715
891213 10 11 14 15

891011 12 13 14 15

=0,1,, (N, — .Uk is expressed as

k.., =IN;,+k, (17a)
then one can show that

ki = 2ki +j (17b)

where j = 0, 1. Multiplication of (17b) by NX and use of IX
yields

IX(k, + 1) = IX(k, + 1) + IX(k, +1)

IX(k,+1+N)=I1X(k, + 1) + NX. (18)
The corresponding algorithm is in cards 10 to 16. The size of

the additional array IX is relatively small. For example, if N =
215 = 32 768, then the size of IX is 27 = 128.

Subroutine UNSBIN(X,M)

This subroutine, listed in Appendix II, performs bit-reversal
unscrambling of a complex array X of size N = 2™ in steps of
one pair of bits each. Again X(KP1) and X(KP2) are exchanged
for KP2>KP1 where KP1 =k, +1,KP2 =k, + 1 and k, and
k, are given by (13). Table II illustrates binary unscrambling
for N = 2* = 16. Referring to (13),M2=1;M1=0,1,2, -,
(IMf2] —1)and M3 =M —2 —2M1.

In UNSBIN, M1P=M1+ 1,N1=2M1 N3 =2M3 N|T=
N1 + N1, NIP=N1+ 1, NIM = N1 — 1, NS = 2(M-M1)
NSH = NS/2, and INC = KP2 — KP1 = NSH — N1. The
unscrambling is performed in M1PMX = [M/2] steps. Note
that the same increment is used for the entire step, i.e., for
(N/4) pairs of exchanges. For each step, exchanges take place
for w, = 1 and w4 = 0 and are defined by

INC = NPH — N1
L1 =N1P+ wsNS,
L2=L1+ w3 N1T, forwsz =0,1,

forws =0,1, -, NIM

, (V3 —1)

KPl=12+w,,
KP2 = KP1 + INC.

forw, =0,1, -, NIM

An interesting remark is that in each step NG groups of size
NS are unscrambled identically and that the exchanges involve
pack of elements of size NP, where NG = NP = 2M1,

Subroutine UNSDRM

Subroutine UNSDRM, listed in Appendix III, is an
adaptation of UNSBIN for unscrambling large arrays stored on
a drum (or a disk), with a minimum number of drum-to-core
transfers. In this program the array XDR, which must be
unscrambled, is stored in the drum file IDRUM. The array X
of dimension NCOR = 2MCOR represents the available core
storage, M > MCOR. The subroutine DRUM(KDR, NB,
X(KX), IDRUM, IWR) is used to write on or read from the
drum, by selecting the last argument as 1 or 2. The first two
arguments define the location on the drum KDR and the
number of elements to be written or read, NB. Then, NB
elements are transferred from X to XDR or XDR to X in such
a manner that X(XX) corresponds to XDR(KDR). The
unscrambling is performed in [M/2] steps. Let MCORH =
NCOR/2 and let IB1 be the distance between the pair of
elements to be exchanged. To minimize the number of
transfers, one must distinguish between far pairs for which /B1
> NCORH and near pairs for which /B1 < NCORH.

The unscrambling of the array XDRM with respect to far
pairs is performed one step at a time, group after group,
NCORH pairs at a time. That is, NCORH elements of the first
half of a group in XDRM are read into the first half of X,
NCORH elements of the second half of the group at distance
IB1 are read into the second half of X. Then, the even
elements of the first half of X and the odd elements of the
second half of X are exchanged. Finally, the two halves of X
are written on the drum.

The unscrambling of the array XDRM with respect to the
near pairs requires only 7= N/NCOR round-trip transfers. When
IB1 becomes equal to NCORH, NCOR points are transferred
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TABLE III

OPERATIONS/STORAGE FOR UNSCRAMBLING N = 2M, M= [7 ]

M

Subprograms
Operations Reference [1] Reference [2] UNSBIN UNSONE
or Storage
Multiplication M—1 AN[M —2)2M 1 4 1)
- . even: 2M + §N — /N —1 N . .a even: N + 3N
Addition/Subtraction odd: 2M + EN — /2N v —22M-1 4 1) 4(M +2) odd: N + 2N
even: $(N. —+/N) even: 3(N —+/N) 3 even: (N — N/
Transfers odd: 3(N —+/2N) odd: 3(N —~/2N) rihd odd: 3N —2N)
even: N —/N
Table Look-Ups N odd: N—</2N
Tests N
Auxiliary Storage w N M
3Approximation.

to the core, and the unscrambling is completed on these
NCOR elements. Then, the next NCOR elements are
unscrambled. Repetition of this procedure T times completes
the unscrambling.

VI. CoMPARISON OF FOUR UNSCRAMBLING SUBPROGRAMS

The subprograms UNSONE and UNSBIN and two
subprograms described in [1] and [2] are compared in a
number of operations, in storage required, and in computer
time.

In Table III are shown the number of operations and
storage required to unscramble an array X of size V. Note that
the number of transfers is three times the number of
exchanges. Insignificant operations (such as required for the
initialization of the subprograms), are not included in this
table.

Inspection of Table III leads to the following conclusions.
The subprogram [2] requires the largest number of operations
and storage of an auxiliary array of size N. UNSBIN and the
subprogram of [1] have comparable performance, the first
being faster for small arrays, the latter being faster for large
arrays. UNSONE has the least number of operations (no tests,
a minimum of exchanges) and requires little auxiliary storage.

These conclusions have been confirmed by runs on the
Univac-1108 Executive 8 System. In summarizing the
characteristics of the four unscrambling subprograms, the
following may be noted.

1) Over the range of array sizes studied, the running time
of UNSONE does not exceed 35 percent of the running time
of its nearest competitor (UNSBIN or subprogram of [1]).
UNSONE can be easily adapted to unscrambling other than
radix-2.

2) UNSBIN is markedly the most compact (25 cards) and

can be used with peripheral storage devices to unscramble
arrays too large for the core.

3) The subprogram of [1] follows most directly from the
bit-reversal formula, is easily coded into Fortran, and possibly
exemplifies the approach most often used.

4) The subprogram of [2] is more general than the other
three in that it is not restricted to arrays of dimension N =2M
but suffers from the disadvantage of low running speed and
the necessity of utilizing extra storage of magnitude N.

VII. CONCLUSIONS

Bit reversal of an array X of dimensign N can be performed
by exchanging the elements x(k) and x(k) for k > k, where kis
the address obtained by bit reversal of k. Bit reversal of an
address is interpreted as an exchange of groups of bits
symmetric with respect to a pivot. A formula based on the
simultaneous _exchange of all the symmetric bits is developed
to compute k from k. Implementation of this formula results
in an efficient program for the one-step bit reversal of X A
more general formula is presented for the exchange of two
symmetric groups of bits. It is useful for unscrambling in steps
where x(k) is moved to location I::\, via a series of intermediate
locations. As an illustration, when the general formula is used
for binary unscrambling, where bit reversal is performed in
steps, then each step corresponds to the symmetric exchange
of two bits. Binary unscrambling is ideal for unscrambling
large arrays contained in external storage, because it minimizes
the number of transfers between core and peripheral device.
Computer programs for one-step and binary unscrambling are
presented and compared to others described in the literature.
The one-step unscrambling program requires fewer operations
and is markedly faster than any other known to the authors.
Fortran listings are included for reference.
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APPENDIX |
1 SURROUTINE UNSOUNE (XsN)
2 COMPLEX X (1)¢XS
3 C DIMENSION 125 FOR iX ALLUWS TO UNSCRAMBLE ARKAYS OF SIZE UP TO 32768
4 UIMENSION Ix(128)
5 1F (MsEG.1) RETURN
6 mMiz=m/2
7 MX=(M+1) /2
8 N1Z2%%M1
9 NXZ2%¥MX
10 1X(1)=0
11 NIZ1
12 U0 3 I=1,M]
13 UC 2 J=1sN1
14 IX (D ZIXAU)+1X ()
15 2 IX(J+NIIZIX(J)+NX
16 3 NI=NI+NT
17 KUMXEN1=1 )
18 1F (M1,NE.MX) 6O TO 10
19 UO 11 KUS1sKUMX
20 KVMN=KU+1
21 DO 11 KVZKVMNeN1
22 KP1ZIX(KU)+KV
23 KP2ZIX{(KV)+KU
24 XS=X(KP1)
25 X{KP1)=X (KP2)
26 11 X(KP2)=XS
27 KRETURN
28 10 UO 12 KU=1,KUMX
29 KVMNZKU+1
30 U0 12 KVSKVMNeN1
31 KP1Z1IX(KU)+KV
32 KF2ZIX(KV)+KU
33 AS=X(KP1)
34 X(KP1)=X(KP2)
35 X (KP2)=XS
36 KP1ZKP1+N1
37 KRP2ZKP2+N1
38 XS=X(KP1)
39 X(KP1)=X (Kp2)
40 12 X(KP2)=XS
41 RE TURN
42 END
ApPPENDIX II
1 SUBROUTINE UNSBIN(X,M)
2 LOMPLEX X(1)eXS
3 NZ2% %M
4 M1PMX=N/2
5 N1T=1
[3 NSHEN
7 uc 1 M1P=1eM1PMX
8 W1=N1T
9 N1IPSN1+1
10 NIMZN1-1
11 N1T=N1T+N1T
12 NSZNSH
13 NSHENSH/2
14 INCENSH=N1
15 uo 1 L1I=N1IPsNeNS
16 L2MX=L1+1INC
17 uc 1 L2=L1sLeMXNT |
18 KRPIMXSL2+N1IM
19 Lo 1 KP1=LgskP1MX
20 KP2zKP1+1NC
21 XS=X (KP1)
22 X(KP1)=X(KP2)
23 1 X(KP2)=XS
24 KETURN
25 £ND
ApPENDIX III
1* SUBROUTINE UNSURM (XN ¢ MCOR e TURUM)
2% COMPLEX X(1)eXS
3* N=Z2**M
e v2zM/2
5 NCUR=2#*MCUR
o* NCURH=NCUR/2
7 NCURPPPENCORH+1
u* Iaeg=1
u* I61=N

10#* VU LIFzM=MLOR
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11# M1rMX=MULF

12% IF(NUIF.0TeM2) MIPMXE=MZ

15% C NESTED DG LOUPS 1 CORRESPOND Tu IR2 .6T. NCOR OR IB1 +GT. NCORH
14* CARKAY XUKR IN URUM IS TRANSFURMEL IN M1PMX STEPS OF ONE=-PAIR OF BITS
1D¥ L0 1 MIP=1e/M1PMX

lox* IAL=1A2

17% IALP1=1AL+1

1Hx IALIMIZIAL=-1

19% IAc=1r2+1A2

cU¥* IBe=1K1

c1* IBL1=1kl/¢e

2% Isivi=Igl-1

3% INCENCORH=1A]L

cux C NCORF +Gts IAl

ch* C WHEN NCORH.EWelA1+INC.EQsOrEXCHANG LOWER WITH UPPFR HALF OF ARRAY X
cb* IF (INC.EQe0) LC IV b

el* COORSHLOL Lk KIDR LT+ KSBLOCHIAL

cB* [0 2 KSHBLOL=1rinelbe

Cod-kd KI1URNMXZKSBLOC+1R1M]

ol * 0O 2 K1UKR=ARSHLUC»R1DRMX ¢ NCORKH

SEx K2URZK1DK+1B1

2% CALL DRUM (K1DResNCURHex (1) r TURUMY2)

23%* CALL DRUM (K2DRsNLURH» X (NCURHKP) ¢ IDRUIN ¢ 2)
ol ¥ DO 3 L2=1A1P1+NCOKHe IAZ

ot KPIMA=ZL2+IAlM]

S6* CO 3 kP1=Le'KPLINMX

o7* KP2=KF1+1INC

oB* XS=X(KP1)

39* X(KP1)=Xx(KF2)

40 * 3 X(KPz2)=XS

41%* CALL DRUM (K1DKeNCURHe X (1) TURUMY 1)

Gox 2 CALL NRUM (K2DKesNLURH» X (INCORKP) ¢ IDRUNM, 1)
43% G0 Tu 1

Y 6 DO 7 KSBLOL=1rNeloe

4hx* LI1DRMMZKSBLOC+1A)

46* K1DRMX=KSBLOC+IR1M1

5 1% LO 7 L1DK=L1DRMM»An1DRMX»NCOR

8% L2UR=L1DK+1B1=1A1

49% CALL DRUM (L1DK¢NCURHe X (1) ¢ ICRUM,2)

HU* CALL DRUM (L2DksNCURH?» X (NCORHP) » IDRUN ¢ 2)
1% CALL DRUM (L2DKeNCURH? X (1) » IDORUM» 1)

Hex 7 CALL DRUM (L1DKsNCURH» X (INCORHP) » IDKUM» 1)
H3% 1 CONTINUE

ol x* IF(M1PMXeEGWeM2) RETURN

H5* L SETS OF NCOR PUINTS Akt BRUUGT IN X ANU EACH SET IS UNSCRAMBLED
S6* M1PMN=MIPMX+1

Hl* 1AZS=1A2

L8* IB1S=1B1

DYx LO 4 K1DKR=1eNeNCOK

o0* IAg=1p2S

ol* IB1=1#1S

ol* CALL DRUM(KRIDReNCUKeX (1) s IURUM»2)

0d* DG 5 MIP=MLIPMNNVZ 3

o4* IAl=LA2

o5* IALP1=1A1+1

ub* IAIM1IZ1AL-1

o7* IAc=lpr2+1AL

L8* Ibezlkl

9* IL1z=1R1/2

10%* INCZIBEL=-1AL

11% DO 5 L1=1A1P1/NCOR? IB2

2% L2mX=L 1+1NC

(3% 00 S Le=L1rL2MXslAc

14 % KPIMX=ZL2+IA1IM]

15¥% CO 5 KP1ZLgrKPLINMA

16% KPg=KP1+1INC

17* XS=X(KF1)

(8% X(KP1)=X(KP2)

19% 5 X(KPeg)=X5

60* 4 CALL DRUM(KIDRsNCUKeX (1) IDRUMS 1)

ol* REVUKM
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Abstract—The residue number system is an integer number system
and is inconvenient to represent numbers with fractional parts. In the
symmetric residue system, a new representation of floating-point
numbers and arithmetic algorithms for its addition, subtraction,
multiplication, and division are proposed. A floating-point number is
expressed as an integer multiplied by a product of the moduli. The
proposed system assumes existence of necessary conversion procedures
before and after the computation.
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I. INTRODUCTION

HE residue number system is an integer number system.

At present, the techniques known make it inconvenient
to represent fractional quantities. It is to be desired that
numbers with fractional parts can be handled as easily as
integers in the residue number systems.

A few studies on the floating-point arithmetic in the residue
system have been published [1], [2]. In these reports a power
of 2 or 10 is used as an exponent.

This paper deals with floating-point arithmetic with an
exponent which is a product of moduli in the symmetric
residue number system. This number system has the following
advantages: 1) finding the additive inverse of a residue digit is
fairly easy, 2) sign detection by mixed-radix conversion is



