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[571 ABSTRACT 
A laser velocimeter covariance processor which calcu- 
lates the auto covariance and cross covariance functions 
for a turbulent flow field based on Poisson sampled 
measurements in time from a laser velocimeter. The 
device will process a block of data that is up to 4096 
data points in length and return a 512 point covariance 
function with 48-bit resolution along with a 512 point 
histogram of the interarrival times which is used to 
normalize the covariance function. The device is de- 
signed to interface and be controlled by a minicomputer 
from which the data is received and the results re- 
turned. A typical 4096 point computation takes approxi- 
mately 1.5 seconds to receive the data, compute the 
covariance function, and return the results to the com- 
puter. 
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Another object of this invention is to provide hard- 

ware for use with a computer for measuring correlation 
functions from random sampled data. 

A further object of this invention is to provide hard- 
5 ware for use with a computer to increase the speed of 

computations of correlation functions from data ob- 
tained by a laser velocimeter. 

become apparent hereinafter in the specification and 

AUTO COVARIANCE COMPUTER 

ORIGIN O F  THE INVENTION 
The invention described herein was made by employ- 

ees of the U.S. Government and may be manufactured 

purposes without the payment of any royalties thereon 
or therefor. 

and used by Or for the Government for governmental Other objects and advantages of this invention will 

10 drawings. 
BACKGROUND OF THE INVENTION SUMMARY OF THE INVENTION 

The invention relates generally to laser velocimetry The invention includes five memories, a multiplier, an 
and more specifically concerns an auto/cross-covari- accumu~ator and a process controller. Three of the 

covariance from data Obtained from a these memories store random sampled laser velocimeter 
data and the third memory stores interarrival times laser velocimeter. 

The laser velocimeter is a non-intrusive flow field between successive velocity measurements. The other 
diagnostic technique which measures the velocity of two memories store data to be sent to the computer: one 
micron sized particles embedded in the flow field. If 20 of these memories stores products of the random Sam- 
these particles are small enough to faithfully follow the pled data and the other memory stores the number of 
expected flow field dynamics, then the results from the products for each interarrival time. The process con- 
laser velocimeter will be a true representation Of the troller controls the flow of data from the three input 
flow field characteristics. The measurement of velocity memories to the two output memories. 
is made when a particle passes through the fringe pat- 25 
tern within the laser velocimeter sample volume yield- BRIEF DESCRIPTION OF THE DRAWINGS 
ing a real time sample of the velocity flow field. A large FIG. 1 is a block diagram of the measuring system in 
number of velocity measurements is obtained to mini- 
mize the statistical uncertainties in the calculations Of FIG. 2 shows the data generated by the system in 
the basic flow field statistics such as mean velocity and 30 FIG. 1 that is fed to the computer; and 
turbulence intensity. As with any sampling technique, FIG. 3 is a block diagram of the invention. 

me processor for use with a computer in making rapid 15 memories store data received from a computer: two of 

which the present invention is used; 

- 
the assumption that the flow is both stationary and 
ergodic is made. With the exception of the length of 
time for which the stationarity assumption is valid, the 

DETAILED DESCRIPTION OF THE 
INVENTION 

times at which the velocity samples are made and the 35 Referring now to FIG. 1 there is shown a system for 
total sample time is not important for the determination measuring autocovariance or crosscovariance in which 
of the basic statistical parameters. This, however, is not the present invention is used. In describing the present 
the case for time dependent characterizations of the invention, only the term covariance will be used, but it 
flow field such as correlation functions and turbulence is to be understood that' the term is broad enough to 
power spectra. 40 cover both autocovariance and crosscovariance. The 

Classic approaches to the.determination of the corre- velocities of particles in a laser velocimeter 11 are mea- 
lation functions and turbulence power spectra utilize sured by a high speed burst counter 12. For example, as 
direct correlation techniques and/or Fourier transform shown by FIG. 2, the velocities Mi (i= 1, 2, . . . ,4096) 
techniques using uniformally sampled data. The equa- are measured and the time intervals At; (i= 1, 2, . . , , 
tion for the classic approach to determine the auto cor- 45 4095) are measured by the laser velocimeter covariance 
relation function is: buffer interface 13. Apparatus for measuring Atj is dis- 

closed in U.S. patent application, Ser. No. 282,191, filed 
July 10, 1981, now U.S. Pat. No. 4,392,749. 

The Miand Atidata is applied to a computer 14 where 
50 it is conditioned into a specific integer format. To mini- 

mize roundoff error in the computations, the statistical 
When uniform sampling is used, the value of is the mean is calculated and subtracted from each of the 
constant interval between samples and the kth location velocity data sets. It is noted that correlation of mean 
in the correlation is located as kT. In laser velocimeter removed data will yield the covariance function instead 
applications, however, the sampling process is random 55 of the correlation function. The maximum and mini- 
in nature since the particles which are measured arrive mum values of each data set are then determined and 
in a Poisson random manner and thus not applicable for the absolute greater of the two in each data set is di- 
classic approaches. Hence, a modification of the direct vided into the value 32,000. The result is then multiplied 
correlation approach must be used in which the random by each element in the respective data set so that the 
interarrival times, (the time between successive velocity 60 maximum number of bits is used after the conversion 
measurements), are used to determine the appropriate from floating point numbers to integers. The interar- 
delay time interval into which the cross product is to be rival times Ati are divided by a chosen value of correla- 
summed. However, when this modification is used a tion time interval, AT, and the results multiplied by the 
large amount of computer time is needed to make the value 16 and converted to integers. At this point the 
necessary calculations. 65 data is conditioned and ready for transfer to a laser 

It is therefore an object of this invention to provide velocimeter covariance processor 15. 
apparatus for measuring correlation function from data The data transfer established by direct memory ac- 
obtained by a laser velocimeter. cess from the computer 14, with 16-bit parallel data 

T - T  
R(T) = //J V(r) V(t + T )  dt 
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paths 31 and full two-way handshake begins with the 
transfer of the 4096-conditioned interarrival time data 
which is stored in a T-memory 32. The next transfer of 
data is the 4096 point velocity data set, that will be 
advanced in time during the covariance calculations, 
which is stored in an A-memory 33. The third data set 
transferred is a repeat of the velocity data set if auto 
covariance is desired, otherwise the velocity data set 
which will be cross-correlated is transferred and stored 
in a B-memory 34. Memories 32, 33 and 34 each store 
4096 items of data. When the last data is transferred, the 
processor automatically begins its operation. 

Due to the complicated nature of the system opera- 
tion, for purposes of description, the operation will be 
broken down into several separate processes. Process 
#1 will be the product determination for zero time 
delay which is the computation of the statistical quan- 
tity of variance. Process #2 will be the incrementation 
of the interarrival time memory and the checks per- 
formed upon the data. Process #3 will be the computa- 
tion of the products between the ith location in the 
B-memory and the jth location in the A and T memories 
where the ith location is held fixed and the checks per- 
formed upon the data. Process #4 is the incrementing of 
the B-memory address and the checks performed upon 
the data. The processes are performed in this sequence 
in the device during normal operation, and references to 
these processes by number will be made during the 
following description to indicate the logical flow of the 
operation based on the data checks performed. 

In process #1 with the address pointer 35 in the B- 
memory 34 set to i (in the beginning to one), the address 
pointers 36 and 37 in the A and T memories are set to 
match. Data words Ai and Bi are passed to a highspeed 
16-bit by 16-bit integer multiplier 38, and the resulting 
32-bit product is latched in a latch 39 and the zero mem- 
ory locations in a covariance memory 40 and an occur- 
rence memory 41 are addressed, by addresses 42 and 43. 
Memories 40 and 41 each store 512 items of data. If the 
product equals zero, the system control is passed to 
Process #4 by means of a process controller 44. The 
32-bit data word in the zero memory location in occur- 
rence memory 41, is incremented by one by means of an 
adder 45, latched by a latch 46 and then stored back into 
the zero memory location indicating that a product at 
zero time delay was computed. The 48-bit data word in 
the zero memory location in covariance memory 40, is 
latched by a latch 47 and summed with the latched 
product from the multiplier 38 in a 48-bit adder 48. The 
resulting data word is then stored back into the zero 
memory location in covariance memory 40. 

In Process #2, if the value of the memory address 
pointers 36 and 37 for the T and A memories match the 
value of the address pointer 35 for the B-memory, a 
delta time accumulator 49, is set to zero. The memory 
address pointers 36 and 37 for the T and A memories are 
then incremented, 6 = k +  1, where k=i for the first pass 
through Process #2, and j otherwise). The data word in 
the jth location in the T memory 32, is checked. If the 
value is zero, which indicates that the interarrival time 
was greater than the measurement capabilities of the 
laser velocimeter data acquisition equipment, the sys- 
tem operation switches to Process #4. If the pointer is 
equal to 4096, the end of memory condition is reached, 
and the system operation is switched to Process #4. 
Otherwise, the data word is summed with the current 
value in the delta time accumulator 49 and the result 
checked to determine if it is greater than 512 delay 

4 
times. If so, the system operation switches to Process 
#4. If not, the interarrival time is latched by a latch 50, 
and the lowest 4-bits removed, (fractional delay time 
increment). The latched value is then used as the ad- 

5 dress pointer 42 and 43. The data word pointed to in the 
covariance memory 40 is then latched by latch 47. 

In Process #3, the data word in the ith location in the 
B-memory 34 and the data word in the jth location in 
the A-memory 33 are passed to the multiplier 38. The 

10 product is then checked for a zero value, which indi- 
cates an end of data condition in the B-memory. If the 
value is zero, the system operation is transferred to 
Process #4. If not, the product is latched by latch 39 
and the data word from covariance memory 40 held in 

l 5  latch 47 are summed by adder 48 and stored in memory 
40. The data word pointed to in the occurrence memory 
41 is incremented by one by adder 45 and restored in 
memory 41. System control is now passed back to Pro- 
cess #2. 

2o In Process #4, the address pointer 35 in B-memory 
34, is incremented and compared with the value 4096. If 
the address pointer is equal to 4096, an end of memory 
condition exists and the system transfers control to the 
data output mode. Otherwise, the system control is 

In the output data mode computions have been com- 
pleted and the unnormalized covariance function is 
stored in the covariance memory 40 and the histogram 

3o of the number of occurrences of each delta time delay is 
stored in the occurrence memory 41. A control signal is 
then sent from process controller 44 to the computer 
indicating that the final data is ready for transfer, and 
the address pointers 42 and 43 for memories 40 and 41 

35 set to zero. A 16-bit parallel, direct memory access, full 
handshake transfer is begun through data selectors 51. 
The address pointer is then incremented and the process 
repeated until all of the data is transferred. Upon com- 
pletion of the data transfer to the computer, memories 

4o 40 and 41 are cleared, (Le., the value of zero is placed in 
all memory locations). 

The final covariance function is obtained in the com- 
puter by dividing the covariance function element-by- 
element as stored in memory 40 by the number of occur- 

45 rences of each time delay as given by the data from 
memory 41 and the removal of the scaling factors. The 
Fourier transform may then be performed on  the data to 
obtain the turbulence power spectra. 

The control for processes #I ,  #2, #3 and #4 is pro- 
50 cess controller 44. The design of a controller for per- 

forming the operations disclosed is within the skill of 
the art, hence, the details of process controller 44 are 
not disclosed in this application. 

The advantage of this invention is that the data can be 
55 processed many times faster than it can by a general 

purpose computer. 
Even though Processes 1 through 4 explains one way 

in which the data can be processed, other ways may be 
devised to perform the same functions without depart- 

25 transferred to Process #l. 

6 0  ing from the spirit and scope of this invention. 
What is claimed is: 
1. A hardware attachment to a computer used for 

computing a correlation function of random sampled 
data comprising: 

first and second memories for storing two sets of said 

a third memory for storing the interarrival times be- 

65 
sampled data; 

tween adjacent samples of said sampled data; 
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means for sequentially multiplying together all possi- 
ble combinations of the random sampled data 
stored in said first and second memories; 

fifth memories includes means for accumulating the 
interarrival times stored in said third memory to form 
interarrival times between nonadjacent samples. 

4. A hardware attachment according to claim 3 fourth and fifth memories; and 
means responsive to said multiplying and said 5 wherein said means for storing data in said fourth and 

fifth memories includes means for accumulating the third memory for storing in said fourth memory the 
multiplications made by said multiplication means multiplications from said multiplication for each in locations corresponding to the interarrival times interarrival time and storing the accumulated multipli- between the data points multiplied together and for storing in said fifth memory the number of times a ,o cations in the corresponding interarrival time location 
multiplication is stored in said fourth memory in in the fourth memory. 

rival time between data points. wherein said means for storing data in said fourth and 
fifth memories includes means for counting the number 

wherein said random sampled data is measurements 15 of multiplications for each interarrival time and storing 
made by a laser velocimeter. the count in the corresponding location in the fifth 

memory. 

each of said locations corresponding to an interar- 5. A hardware attachment according to 

2. A hardware attachment according to claim 1 

3. A hardware attachment according to claim 1 
wherein said means for storing data in said fourth and * * * * *  
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