
An autocorrelogram computer 
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[Paper first received 22 March, and in final form 5 May, 19541 
A comparatively simple and inexpensive instrument capable of computing autocorrelation 
functions is described. It was built for the analysis of irregularity in yam, roving and slivers 
in the textile industry, but it should find application in a much wider field in cases where the 
high accuracy of the expensive precision computer is not required. The instrument also lends 
itself to the computation of cross-correlation functions. 

Principles of operation and construction are given together with data on performance. The 
yam irregularity is recorded on a magnetic tape as a frequency-modulated signal and use is 
made of a modified d.c. watthour meter for carrying out the multiplying and integrating 
operations. 

1 .  I N T R O D U C T I O N  

During recent years, there has been increasing use of the auto- 
correlation function for detecting weak periodic signals 
hidden by random components of large amplitude. This type 
of problem has arisen in a number of widely separated fields 
such as communication engineering,(’) meteorology,(2) marine 
physics,(3,4) medicine(’) and numerous other 6, 
It arises in the textile industry in an acute form in relation to 
the analysis of the irregularity in cross-section of yarns. 

Periodic components in the irregularity of yarns can give 
rise to highly objectionable patterning in the fabric woven at 
cloth widths which bear some relationship to the wavelength 
of the periodic component. Electronic yam testers of 
different typed7) are being used in a number of testing 
laboratories associated with mills, but their usefulness is 
limited to providing a figure for the magnitude of the random 
variations in the yarn cross-section, and it is only when the 
yam is of very poor quality that a periodic variation can be 
picked out with any degree of certainty. Periodicity in the 
yam can be looked for in a qualitative manner by means of 
“blackboard tests,” in which the yam is wound on to a board 
and the presence of patterning can be seen if it is sufficiently 
marked. This type of test is, however, highly subjective in 
its nature and very time-consuming if a comprehensive 
assessment is required. 

In order to characterize the output from a set of spindles, 
a large number of yam samples needs to be taken. A com- 
paratively cheap computer is, therefore, required which will 
analyse the output signal from a yam irregularity instrument 
in as short a time as possible. This problem has been tackled 
before@) using a photographic recording and optical method, 
but the method described here relies almost entirely upon 
electronic means and differs from the optical method in 
many important respects. 

2 .  T H E  A U T O C O R R E L A T I O N  F U N C T I O N  

The autocorrelation function of a time series f ( r )  is defined 
as 

@(7) = limit - f(t).f(t - ~ ) d t  (1) 
T + P  T ’[ 

This function is the one normally used in communication 
engineering. @(T) assumes the form of an autocorrelation 
function as used in statistics when f ( t )  has zero mean and 
unit variance, and it can give us additional information about 
the time series f ( t ) ,  as can be shown in the following. By 
way of an illustrative example let us assume that f ( t )  consists 
of two terms: a periodic and a random one. 

(2) f(t) = F(r) - fo COS ut 

Now at Robertshaw-Fulton Controls Co., Philadelphia, 
U.S.A. 

where F ( f )  is a random time series and fo is much smaller 
than the r.m.s. value of the random component. 

It can be shown(9) that 

@(TI = ass(T)  -!- QSr(T) + Qrs(T) @ rr ( 7) (3) 
where ass is the autocorrelation function of the periodic 
component, asr and are the cross-correlation functions 
of the periodic and random components and Orr is the auto- 
correlation function of the random component. Owing to 
the incoherence of the periodic and random components, it 
can be shown that Qrs and QS1. will vanish and also that Qrr 
will approach zero as T increases. Also 

It follows that 
@(T) = Orr(T) + (r;:/2) cos U T  ( 5 )  

yielding a function as shown in Fig. 1. 
It is possible to improve the periodic-to-random component 

n 
Fig. 1. Correlogram of f ( r )  = F(r) 

- fo cos U t  

ratio of the original function f’( t)  quite considerably by 
operating on it in this way and @(7) may show a periodic 
component which cannot be detected inf(t). 

3. B A S I C  L A Y O U T  O F  T H E  C O M P U T E R  

As can be seen from Section 2,  the tasks of the computer, 
given a time series in the form of a continuous signal f ( t ) ,  
are as follows: 

(i) arrange that the function f ( t  - T) is available for 
operation at  the same time as f ( t ) ;  

(ii) form the productf(t).f(t - 7): 

(iii) integrate the product over a time interval T: 
(iv) record the result thus obtained. 

The method of obtaining the signal in electrical form depends, 
naturally, on the type of phenomenon observed. In the case 
of a yarn, various methods are available.(7) Assuming that 
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such a signal is available, the principle of the computer ib as 
shown in the block diagram of Fig. 2. 

The signal is recorded on a magnetic tape using frequency 
modulation and afterwards played back through two heads. 
The length of the tape between the two heads can be varied 
by arranging for a loop of tape to be pulled out as shown 
in Fig. 3 and the delay betweenf(t) andf(t - T )  thus obtained. 

n . 
I B I  

U 

c 

Fig. 2. Block diagram of the computer 
A,  modulator; B, counter; C, heads; D, preamplifier; E, 
demodulator; F, driver amplifier; G, multiplier and integrator; 

bearings and air damping) are small, equilibrium is established 
when the driving torque equals the retarding torque. The 
speed of revolution will then be 

n = k.I, .If  160) 
where k is a constant. The relationship holds well over a 
range of speed of 100 to 1 as shown in Fig. 7. It can be seen 
that at very low speeds, where the effect of friction becomes 
comparable with that of the velocity braking, the relationship 
ceases to be a linear one. 

If the number of revolutions is counted over a time 
interval T 

T T 

Q 

If I,  and If are made proportional to the signal f ( r )  and its 
displaced value respectively, 

N = =. 1 f ( t )  . f(t - ~ ) d t  

1 
N = n(r)dt = 1.i I,.I,dt 

T 

(8)  
K 

'0 
H, tape. 

head I 

I 

head 2 

8 v 
(In actual fact, additional factors enter as will be shown in 
Section 6). Hence it can be seen that the required auto- 
correlation function is 

@(T) CC limit N(T)  (9) 
T-+ m pulley Fig. 3. Arrange- 

ment for obtaining 
variableseparation 

i.e. the number of revolutions of the watthour meter counted 
over a time interval T is approximately proportional to the 
autocorrelation function of the time series analvsed. The 
accuracy improves with increased T and when choosing T a 
compromise has to be made to keep the time for testing down 
to a minimum. 

The counting is done by means of holes drilled into the 
braking disk. The holes pass between a light source L and 
a photocell P (Fig. 4) and the pulse-from the photocell is 
amplified to actuate an electromagnetic counter. 

displaceable 
pulley 

The outputs from the two heads are fed into identical channels, 
consisting of preamplifier, demodulator and output stages. 

This is a modified d.c. watthour meter as shown in Fig. 4. 
It is basically a d.c. motor with an ironless armature, the 
driving torque of which is proportional to the field flux 
(i.e. to the field current I ,)  and the armature current I,, thus: 

TdCC Ia .I /  (6)  

An aluminium disk D (Fig. 4) mounted on the Same axis as 

The outputs are used to drive the multiplier-integrator system. 4 .  T H E  E L E C T R O N I C  CIRC.UIT 

ne detailed circuit diagram is in Fig, 5. The tape 
recorder modulator and demodulator circuits are based on 
existing designs(lO) and are given here for the sake of corn- 
pleteness. An input voltage variation of + 5  to the 
modulator results in an output of sensibly constant amplitude 
and a frequency variation of 1 to 5 kc/s, varying linearly with 
the input voltage. The demodulators are preceded by audio- 

input I 
input 2 

Fig. 4. Basic layout 
of the watthour meter U" 

output 
Separation between heads (crn) 

M D L  Fig. 6. Two examples of correlograms 

the armature revolves between the poles of a permanent 
magnet M and provides a retarding torque which is pro- 
portional to the speed. When frictional forces (due to 

frequency amplifiers and followed each by a two-stage d.c. 
amplifier. The h.t. supplies to the output stages are stabilized 
each by a two-stage shunt regulating system (V,8V19V30 and 
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VqV23V31). This method requires a lower h.t. supply than 
series-shunt stabilization and was found to be adequate. The 

other stabilized power supply (V24 to v26) provides h.t. for 
the modulator-demodulator system and is of conventional 

& # I $  ~ -t- &-- 

;I 

I 

EMOWLATOR 

Fig. 5. Circuit diagram of the computer 
(All mistorr t w unless 
otherwise stated) 
R I  = l W k R  
R Z  = I M R  
R3. R4 = 68 k R  
Rs, R6. RI. = 100 k R  
RE = 3 . 3 k f l  
Rp = 33kR 
RYla = IO k 0  
R11 = 470 kCl 
Ri2 = 68 k f l  
R I )  = 3.3 k f l  
R I ,  = I MR 
RY15 = IO k R  
Rl6 = 150 k f l  
R I ?  = 470 k R  
Rls = 2.2 k f l  
R19 = 470 kfl 
R 2 0 ~  1 MR 
R I ,  = 470 k f l  
R22 = 2.2 k R  
R23, Rz+ = I MR 
R z ~  = 3 . 3  kR 
R26 = 68 kR 
Rzi = 220 k f l  
R>s = 47 kR 
R29 = 4.7 k R  
R ~ o  = 47 k R  
R31 = 3.3 M R  
R32 = 100kR 
R33 = 68 k R  
RU = 3 . 3  k f l  
R35 = 6.8 kf l  
R36 = 8.2 k f l  

R a  = l M k R  
= 470 kR 

%:'$j2;y k R  

R42 2 2 . 2  kR 
R43 = 470 k R  
R44 = I M R  
R4c = 470 k R  
A46 = 2.2 kR 
R q ,  Rig = 1 MR 
R49 = 3.3 kR 
Rro = 66 k R  
Rii = 220 k n  
R52 = 47 k R  
R53 = 4 . 7  kR 
Rsi = 47 kR 
R5s = 3.3 MI! 
Rsc= 100 k R  
Rs, = 68 kR 
Rss = 3.3 kR 
Rs9 = 6 . 8  k R  
R60 = 8.2 kR 
& I ,  R6i = IS kR 
R63 = 22 k n  
R a  = 4.7 k R  
Rv65 = 25 k R  
Re6 = 100 k R  
R67 = 4 .7  kR 
RVag=25kn  
R69 = 100 kR 
R ~ o ,  R ~ I  = 22 k R  
R72 = 100 kR 
R73 = 220 kR 
Ria = IO MR 
R,s = 2 . 2  kR 
R x  = I O  kR 
R n  = 33 k R  
R,g = 1 M R  
R79 = I kR 
Rgo = 470 kR 
Rgi, Rgr = I00 kR 
Rgj = 470 kR 

R84 = 2.2 kR 
Rss = 1 M R  
RVga = 500 kR 
Rg-i = 220 kR 
Ras = 1 MR 
Ri9 = 1 k R  
Rso = 470 k R  

R9;= 470 k n  
R94 = 2.2 kR 
R95 = 1 MO 
R96 = 500 k R  
R97 = 220 kR 
Roj = 330 k R  
R9o = 470 k O  
Rloo, Rio1 = 4.7 kR 
RIO* = 1 W. I5 kR 
Rio3 = 100 I! 
Rio4 = 470 k n  
Rio5 = 3 W, 6.2 kR 
Rio6 = 22 k R  
Rio?. Rio% = 100 R 

R91 Rgi = I00R 

(All voltages 350 V work- 
ing unlessothewise stated) 
CI = 0.001 WF 
C, Cj = 0.01 CIF 
C;: CJ = 0.05 : iF 

C, = 1.0 WF 
Cp = 5 0 0 p F  
C9 = 25 ;rF.?5V 
Cl0 = 1.0 WF 
CII = 5 0 0 p F  
Cir = 0.01 W F  

c6 = 25 WF3 2 5 V  

cI3 = 0.001 W F  
C14 = 175 pF. var. 
Ci5 = 0.01 yF 

Cjo = 0.001 u F  
C3l = 175 p F  var. 
Cj2 = 0.01 :IF 
C3j = 0 ,005  u F  
C34-C30 = 0.01 :IF 
Ca = 330 p F  
C;i = 32 WF 
Cir = 6 ,uF 

C4, = 0.5 .IF 450 V 
Cir, Cry = '16 '~F .  450 V 

C47 = 0.5 WF 450 V 
Cas, C;v = 8 iF, 600 V 
Cso, C ~ I  = I6 wF. 450 V 
Cs:. Csj = 8 !yF, 450 V 
C11. C5: = 8 riF. 600 V 

c46 = 32 ;IF. 450 v 

V I  = CV455 ( I  2AT7) 
Vz = EF80 
Vj, V4 = CV13S (6AM6) 
Vs = CV455 (12AT7) 

V ,  = CV140 (6AL5) 
Vg, V9 = CV138 (6AM6) 
Vi0 = CV455 (12AT7) 
VI  I = CV492 (12AX7) 
VI-. = CV140 (6AL5) 
 VI^ = CV491 (I2AU7) 
V i ,  = CV2136 (6BW6) 
VIS = CV493 (6x4) 
Vi6 = CV455 ( l lAT7) 
VI , ,  Vlg = CV391 (5Bi255M) 

V6 = cV492 (12AX7) 

YIO = CV858 (6J6) 
Yio = CV2l33 (90CG) 
Vrt, V x  = CV391 ( 5 B 2 5 5 M )  
V:j = CV858 (656) 
V.4 = CV2721 (EL81) 
Vis Y26 = = CV138 cV493 (6AM6) (6x4) 

Yri = CV287 (QSl5O:lS) 
Yrs = 90CI 
V:9 = CV287 (QSl50/15) 
Vjo, Vji = 524 

M R I ,  MR?. MR? = 1 mA Inst. rect 
MRI = DRM2B (Brimar) 

LI. Lz, L3 = 15 H. 50 mA 
L;, LS = 9 H. 100 mA 

M I  = meter, lOD-C-100 SA 
M2, M3 = meter. 100 mA full-scale 

deflexion 

RLI = high speed relay 1 kR. IO mA 
RLI = Veeder-Root magnetiq counter 

LPI = signal lamp, 6 . 5  V, 0 .3  A 

X I ,  X? = watthour meter with light 
chopping disk 

Xj = tape deck, Wearite type 2C 

= 350-0-350 V, 70 mA 
! 5&0-150 V, 70 mA 
6.3 V, 2 A 

= 350-0-350 V, 200 mA 
250-0-250 V, 50 mA 
2 V 5 V . 2 A  

= 6 , 3 V . ? A ;  6 . 3 V . 2 . 5 A  
6 . 3  V. 3 A;  6.3V,  3 . 5  A 
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design. The counting circuit (VIS and V14) has a separate 
power supply since it does not require any stabilization and 
would superimpose undue load on the regulated supply. 

5 .  M E T H O D  O F  O P E R A T I O N  

The instrument operates in the following manner. The 
signal to be analysed is recorded via the modulator on to the 
tape. In our case the electrical signal was obtained by using 
a Fielden-Walker type yarn-irregularity tester,(") but various 
other existing instnunents(7) could serve the purpose as well. 
The recording is then played back at  a certain fixed separation 
of the tape corresponding to a time delay T and the number 
of counts N(T)  thus obtained noted. By altering the tape 
length between the heads (i.e. the effective separation of the 
heads), different counts are successively obtained; these 
values are subsequently plotted and give the function N(T). 
This function differs from the required correlation function 
@(T) by being raised along the ordinate and by having a 
different scale. Generally the function N(T) gives all the 
information required, i.e. it indicates any existing periodic 
component and its relative magnitude as compared with the 
value N(0) .  Thus, for instance, Fig. 6 shows the results 
obtained for two different yam samples, yam A having two 
pronounced periodic components (with a wavelength of 7 . 5  
and 25 cm, respectively), whereas yam B has no periodic 
component. This is, in most cases, the only information 
required. For some cases, where the exact function @(T) is 
required, an additional measurement has to be performed 
which enables us to normalize the function N(7). 

6 .  N O R M A L I Z A T I O N  O F  R E S U L T S  

Assume that I(r)-that is the current through either the 
stator or the rotor of the watthour meter-is a linear function 
of the signal f ( t )  to be analysed, i.e. 

r(r) = Io - m.f ( t )  and I ( r  - 7) = Io - m . f ( t  - T )  

(10) 

where m is a constant. Substituting from equation (10) into 
equation (7) we have 

T 
m 

N(T) = k l ;  - kIo-,. [ [ f ( t )  +f(t  - .r)]dt 

The expression for @(7) is contained in the third term. The 
values k ,  m and Io are constants and can be evaluated from 
the characteristic curves of the instrument, which are shown 
in Fig. 7. The latter two constants are made identical for 
both field and armature by adjusting Ci4, RV6* and C,,, 
RV,5 in the circuit (see Fig. 5 ) ,  but the following reasoning 
will, of course, hold when the constants are different. In 
order to evaluate the second term in equation ( 1  1). a further 
series of measurements is necessary. Suppose we feed one 
of the coils (field or armature) with the constant current 1, 
and feed the other coil with the signal from one of the heads. 
We will then have 

T 

A'"(T) = 1 10. [IO + m f ( t  - ~ ) ] d t  (12) T 

It was found that, in most of the practical tests carried out. 
the assumption could be made that 

 no(^) 2: No(0) i.e. f(t)dt  N f ( t  - T)dt 

This means that sufficiently accurate results can be obtained 
by making one measurement only and determining No(0) as 
outlined above, and by using, instead of equation (13), the 
simplified form 

(134  

Since @(T)/@(o) = N*(T)/l\i(o) (14) 
by choosing the ordinate N*(O) as unity the normalized 
correlogram can thus be obtained. 

[ [  

N*(T) = N(T) - [2No(O) - /do'] 

Fig. 7. Counts per second as a function of current 
through coils. Inser: coil current as a function of input 

to modulator 
n = k . I n . l /  
k = 1.3 x 10-3 counts per second per mA' 

It is clear then, from the foregoing, that the instrument is 
capable of computing the following expressions : 

N*(T)/km' = - f ( t )  .f(t .- 7)dt :[ 
N*(O)/km? = - 1 r f2(r)dr 

T J O  
and the ratio of these two expressions is the value of the auto- 
correlation function as used in statistical theory, when, as is 
usually the case, the mean value of f ( f )  is zero. If the mean 
of f ( t )  is not zero, it can be calculated from equation (12) 
and the appropriate correction in the autocorrelation function 
made. 

Multiplying and substituting eqiiation (12) into equation (1 1) 7 .  C O N S T R U C T I O N A L  D E T A I L S  
we obtain for the corrected zero level (i) The tape deck. The deck used is a Wright and Weaire 

(13) type C modified to incorporate the pulley arrangement N*(T) = N(7) - [N,(T) + NoCO) - kra] 
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shown in Fig. 3. This deck has two reproducing heads and 
is designed for simultaneous double-track recording using 
standard 4 in. tape. 

The deck can also be equipped with a continuous loop 
casette, manufactured by the same firm, which can be used 
with advantage for short separations (7) only. When greater 
lengths are to be analysed, a normal two-reel operation is 
more reliable, requiring rewinding after each measurement. 
The maximum time separation also determines the required 
integration time T, which should be much greater than the 
former. Good results were obtained with a ratio of 10 : 1. 

The displaceable pulley can be moved along a pole mounted 
at  right angles to the line joining the two heads and in the 
plane of the tape deck. This pole has holes 2 .5  cm apart 
to hold the spindle of the pulley and its length is 75 cm, 
with an attachment pole also 75 cm long. The maximum 
separation was thus 3 m. By recording at  a slower tape-speed 
the scale of the separations could be altered and, hence, 
higher maximum separation achieved. The tape deck used 
has two speeds, namely 3.75 and 7.5  in./sec. 

(ii) The watthour meter. The basic layout of this unit is 
shown in Fig. 4 and the following details should be noted: 

The two field-coils F1 and Ft are series-connected and 
wound on a former of 2+in. intemal diameter, 2in.  thick, 
each coil having 6500 turns of 30s.w.g. enameiied copper 
wire. 

The armature A consists of three flat coils, each wound in 
planes displaced at 120" and A-connected, the junctions being 
brought out to the commutator C consisting of three silver 
segments. The brushes B are of spring steel with silver- 
plated tips. Each of the three rotor coils has 1500 turns of 
44 s.w.g. enamelled copper wire. 

The braking disk is made of 16 s.w.g. aluminium and has 
a diameter of 3 in. This disk also carries two holes which 
enable pulses of light to fall on the photocell. This number 
of holes results in a maximum of 10 counts per second at full 
speed of the meter. Whilst a higher number of holes would 
have increased the accuracy of the instrument, the limit was 
set by the frequency response of the counting circuit, in 
particular the magnetic counter. The counter used was a 
Veeder-Root type. 

8 .  A C C U R A C Y  O F  T H E  C O M P U T E R  

Being a d.c. computer, the instrument requires a warming-up 
time. It was found that about ten minutes sufficed, provided 
the watthour meter was kept running by feeding the modulator 
output directly into the two playback channels so that the 
currents through the meter coils were about 500,{ of the 
maximum value. With this precaution the instrument 
performed as follows: 

Repeatability of counts: not more than 0.6% change from 
day to day on one and the same record. 

Repeatability of correlograms : not more than 5 % change 
from day to day. This latter figure is, of course, much higher 
than the former, since according to equation (13) the 
correlogram is obtained as the difference of two quantities, 
which are very nearly equal. 

9 .  C O M P U T A T I O N  O F  C R O S S - C O R R E L A T I O N  
F U N C T I O N S  

The instrument can also be used for the computation of 
cross-correlation functions. Since the deck used is capable 
of simultaneous double-track recording, the only addition 
required is a second modulator unit to record the second 
signal. 

1 0 .  C O N C L U S I O N  

The instrument, built according to the principles outlined 
above, was found to perform satisfactorily. Research work 
is at present being carried out to apply the correlogram to 
the quality control of yams and the results will be published 
at a later date. 

A C K N O W L E D G E M E N T S  

The author wishes to express his thanks to Mr. W. T. 
Cowhig for his valuable help and advice throughout this 
work, and to Mr. B. H. Wilsdon for his constant interest in 
this project. Thanks are also due to Mr. R. E. Wilson for 
his assistance in the building and testing of the instrument. 
This work forms part of the research programme carried out 
a t  the British Rayon Research Association. 

R E F E R E N C E S  

(1) CHEATHAM. Tech. Rep. Res. Lab. Electronics Mass., 

(2) BROOK AND SMITH. Rev. Sei. Instrum., 23, p. 115 (1952). 
(3) SEWELL. Rev. Sei. Instrum., 21, p. 481 (1950). 
(4) TUCKER. J .  Sci. Instrum., 29, p. 326 (1952). 
(5) HASTINGS and MEADE. Rev. Sei. Instrum., 23, p. 347 

(1952). 
(6) SHIRE and RUNCORN. Selected Government Research 

Reports, Vol. 5, Report 7 (London: H.M. Stationery 
Office, 1951). 

(7) MATTHEW, RAJCHENBAUM and S P E N C E R - S M ~ .  J .  Text. 
Inst. Manchr, 41, p. 496 ( I  950). 

(8) FOSTER. J .  Roy. Statist. Soc., Suppl. 8, p. 42 (1946). 
(9) LEE, CHEATHAM and WIESNER. 

Tech. Report No. 122 (1951). 

Tech. Rep. Res. Lab. 
Electronics Mass., Tech. Report NO. 141 (1950). 

(IO) MOLYNEUX. Electronic Engng, 24, p. 130 (1952). 
(11) WALKER. J. Text. Inst. Manchr, 41, p. 446 (1950). 

Vibrating plate method of producing powder ridges in a sound field 
By MARY D. WALLER, Ph.D., F.Inst.P.,* London 

[Paper received 28 May, 19541 
A circular brass plate vibrating in the mode which includes one nodal circle, will, at suitable 
intensities, produce circular powder ridges on a horizontal surface situated a few millimetres 
below it. This rapid method of experiment makes it possible to study the numerous variables 
which affect the formation of powder ridges in an oscillating fluid. Size of particle is, for 

instance, of fundamental importance. Intensity effects are relatively small. 
O R I G I N  O F  T H E  E X P E R I M E N T S  

carbon dioxide(i) it is usual to support it on small rub&r 

Formerly at Royal Free Hospital School of Medicine, London. 

studs, thus leaving a narrow air-gap between the plate and 

mulates beneath the plate, and on one occasion it was noticed 
that on some of this sand ridges were clearly visible.(?) The 
writer had been experimenting for some years before this 

When a Chladni plate is set into vibration by means of solid the bench I n  the course of experiment sand accu- 

410 JOURNAL OF SCIENTIFIC INSTRUMENTS 


