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1571 ABSTRACT‘ 

Flexible, computer-accessed telemetry is pmvided by a 
sequence control unit, auxiliary memory and system control 
registers to permit sensors and digital data sources to be sam 
pled in a programmed format with various groups of samples 
taken at different rates. Each programmed sample may be 
processed for transmission in a speci?ed way by including an 
operation code with the programmed address code used to 
select the designated sensor or digital data source. Index re 
gisters and a scratch pad memory permit ?exibility in pro 
gramming sample sequencing formats. A particular format 
may be started, stopped and altered by ground station com 
mands received through a receiver, or directly by a digital 
computer. 

12 Claims, 6 Drawing Figures 
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FLEXIBLE COMPUTER ACCESSED 'I'ELEMETRY 

ORIGIN OF INVENTION 

The invention described herein was made in the per 
formance of work under a NASA contract and is subject to the 
provisions of Section 305 of the National Aeronautics and 
Space Act of 1958, Public Law 85,568 (72 Stat. 435; 42 USC 
2457). 

BACKGROUND OF THE INVENTION 

This invention relates to data telemetry and more particu 
larly to programmed telemetry which can be accessed by a 
computer to change the program for greater ?exibility. 

In the past data telemetry systems have been provided with 
a substantially ?xed sampling sequence derived from a clock 
controlled commutator. In the extreme, the commutator has 
been comprised of stepping switches with one or more decks 
for sampling different groups of sensors or digital data sources 
at different rates. To change the sequence, a physical change 
was required in the clocks. In more recent systems using solid 
state commutators, the task of changing the sequence 
required changes in logic or selection networks. It would be 
desirable to provide a ?exible telemetry system which can be 
readily changed by a computer under control of a stored pro 
gram or by external commands. Such a system would have 
great advantage in many applications, particularly space ex 
ploration applications where changing conditions require dif 
ferent sequencing formats at different stages of the explora 
tion mission, particularly for outer planet missions which will 
last anywhere from eight to twelve years. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a computer-ac 
cessed telemetry system is provided to control sampling of 
analog and digital data from a plurality of sources, each data 
source being identi?ed by a unique code. The system com~ 
prises an auxiliary memory unit which stores the identi?cation 
codes of sources to be sampled in groups according to the rate 
at which they are to be sampled, each group being stored in 
sequential locations of a separate block of memory. Three ad 
ditional blocks of memory are reserved for sequence control, 
each block having a number of memory locations for a cor 
responding number N of distinct rates of R, R12‘, R/Z’, 
...,R/2", where R is the maximum rate at which any source 
may be sampled for a given sequencing format, and N is equal 
to n+1. One block of N locations is used to store a control 
word for each rate which speci?es the memory location of the 
?rst source identi?cation code to be sampled in the particular 
rate. Each time the control word is used to obtain a source 
identi?cation code, a sequence control unit increments the 
control word and stores it in a memory location of another 
block (scratch pad) of N locations associated with the ?rst by 
the rate of the group controlled by the word. The control word 
or each group includes a flag bit (CT) set equal to l for only 
the last group to be serviced in order. The third block of N 
memory locations is reserved for storing the number of sam 
ples to be included in each group. That provides controlled 
delay for the sequence control unit between groups. The con 
trol unit automatically cycles through programmed groups, 
taking the number of samples of each group in sequence (as 
speci?ed by the number stored in an associated memory loca 
tion of the third block of N locations) before storing the con 
trol word associated therewith in the associated scratch pad 
location. The control unit then obtains a new control word for 
the next group from the memory location associated with that 
next rate group. 

The delay control number for the previous rate group, as 
read from a location in the third block of N locations, includes 
a ?eld of binary digits uniquely identifying both the rate and 
the associated memory location in the ?rst, second and third 
blocks of memory. That ?eld is stored in a ?rst register while 
the previous rate group is being serviced and then transferred 
to a second register for use while servicing the identi?ed rate 
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2 
group. Once a control word has been read, incremented and 
stored in the associated scratch pad memory location, it is 
retrieved from scratch pad memory for subsequent servicing 
of the rate group. A counter counts the CI‘ ?ags included with 
the control words (which ?ags are also stored in scratch pad 
memory as part of the control words) to permit a determina 
tion of when the sequence control unit should go back to the 
?rst block of N memory locations to obtain the original con 
trol word for a given rate group, thus recycling within the rate 
group automatically. Each data source identi?cation read 
from the auxiliary memory includes a ?ag LP which, when 
programmed as a bit 1, will inhibit the control word (for the 
group in which included) from being incremented, thus 
providing for multiple sampling in rapid succession. A com 
puter may alter the program at any time by stopping the 
sequencing unit after any seven-step cycle in progress and al 
tering the sequencing format in memory before starting the 
sequencing unit again. 
The novel features that are considered characteristic of this 

invention are set forth with particularity in the appended 
claims. The invention will best be understood from the follow 
ing description when read in conjunction with the accompany 
ing drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a programmable telemetry 
system according to the present invention. 

FIG. 2 is a timing diagram for a sequence control unit of the 
system of FIG. I. 

FIG. 3 is a schematic diagram of a timing circuit for produc 
ing the timing signals of FIG. 2. 

FIG. 4 is a schematic diagram of the sequence control unit 
of FIG. 1 for control of processing a programmed sequencing 
format stored in an auxiliary memory unit through control re~ 
gisters in accordance with a preferred embodiment of the 
present invention. 

FIG. 5 is an examplary sample sequencing format to be 
processed in accordance with the present invention. 

FIG. 6 is a flow chart for operation of the apparatus of FIG. 
4. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

FIG. I shows the general organization of a programmable 
access telemetry system 10 in a spacecraft having a general 
purpose (GP) digital computer 11 and a command receiver 
12. An input-output (I/O) unit 13 is provided to enable the GP 
computer to receive commands from a ground station through 
the receiver 12 and to cause the system 10 to transmit 
spacecraft data, either on a real-time basis directly through a 
transmitter 14 or on a programmed basis through an output 
data buffer and transmission channel l5. 

It should be noted that while a programmable access 
telemetry system has been shown in a spacecraft application, 
the present invention embodied therein is not limited to 
spacecraft applications. As noted herein-before, the present 
invention departs from the prior art technique of sampling 
data in a ?xed sequence set by a clock-controlled commutator 
to sampling data in a sequence set by a program stored in an 
auxiliary memory unit I6 of the telemetry system. The 
memory unit is preferably a random access memory shared by 
the GP computer via the [/0 unit 13 and a telemetry sequence 
control unit 17. Accordingly, the telemetry system and the 
command receiver are both essentially simply external or 
peripheral units coupled to the GP computer 11 in a conven 
tional manner through the I/O unit. 

I/O units for scienti?c applications are often designed for 
the particular application, as are the GP computers, particu 
larly in spacecraft applications because of size, weight and 
power restrictions. However, standard or commercial compu 
ters and [/0 units designed for scienti?c applications may be 
employed in other applications, such as marinecraf't applica 
tions. For example, the SDS-930 computer with a data mul 
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tiplexing system supplementing the standard l/O unit of the 
computer could be used, but the SDS-920 computer with stan 
dard input output buffers would be adequate for those appli 
cations which do not have high data rates. In most applica 
tions, the GP computer will interface with still other systems 
not shown. 

The sequence control unit is started by a START command 
signal from the GP computer to initiate a programmed data 
sampling sequence stored in the memory unit as “index 
words" and “control wor " which can be altered by the GP 
computer, to change the rate at which certain data is sampled, 
for example. The sampling sequence programmed is repeated 
until the digital computer stops the sequence control unit with 
an EXIT command. The ground station can also start, stop 
and alter the sampling sequence through commands entered 
into the computer via the command receiver 12 and I/O unit 
13. For more direct ground control, the 1/0 unit can be pro 
vided with direct communication channels from the receiver 
to the sequence control unit and memory unit. However, for 
simplicity it is assumed that communication is through the GP 
computer in this exemplary embodiment. 

Basically, the sequence control unit functions as a special 
purpose control computer using a nested DO loop procedure, 
i.e., using iterative subroutines to sample data at any desired 
frequency. Every sample ordered is called for by a stored pro 
gram. Because that program can be arbitrarily altered at will, 
sampling can be said to be with random access. However, in 
order not to tie up the GP computer and/or the command 
receiver, the system 10 operates independently and the pro 
grammed sequence is changed by the GP computer 11 only as 
circumstances require, such as when data from a given sensor 
exceeds limits so as to require more frequent sampling of that 
sensor while remedial action is being taken, or when a com 
mand is received from a ground control station through the 
receiver 12. 
This programming ?exibility also makes it possible to sam 

ple and generate two or more simultaneous sequences at once 
so that one can be transmitted to ground in real time, while a 
different one is being processed, monitored and/or stored for 
later transmission via the channel 15. The data processing is 
selected for each particular data source and may include data 
and data compression according to any one of a plurality of 
known techniques. The latter may be used to alert the GP 
computer of a condition which requires more frequent 
sampling, remedial action or some other action under super 
visory control of the GP computer. The real time data trans 
mission is accomplished through a data buffer 18 which allows 
data samples at random times to be stored for transmission at 
regular times and may also allow for data compression using 
any one of a plurality of known techniques selected for the 
particular samples. Such a technique for buffering real time 
data is standard. The data processing and monitoring 
techniques contemplated for inclusion in unit 19 are also stan 
dard. What is new is provision for a readily alterable program 
with either real time data sampling and transmission, or data 
processing and monitoring of sampled data with delayed trans 
mission of some or all data, or both simultaneously. The 
sequence control unit to be described more fully with 
reference to FIG. 4 makes this ?exibility possible. 
The data being sampled enamates from either analog sen 

sors represented by a block 20 or other data sources such as 
scienti?c instruments which provide data already in digital 
form. The digital data sources are represented by a block 21. 
In either case, there are the two possible major paths for data 
in the system, one for real time data transmission via the 
buffer 18, and one for data processing and monitoring ( with 
possible delayed transmission) via the unit 19. 
The outputs of the analog sensors are applied to a selecting 

circuit 22, such as a selecting tree. A control unit 23 receives 
address codes from a unit of system control registers 24 to 
select a sensor for sampling and analog-to-digital conversion 
in an A/D converter 25 under timing control of the sequence 
control unit 17. The system control registers are loaded from 
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4 
memory under timing control of the unit 17. A digital data 
source is similarly selected through a decoder 26 which ena 
bles a selected one of AND gates G, to G,, associated with the 
desired data source. When one of the gates Gl to G, is not 
being selected, the gate G, is thus selecting the AID converter 
as the data source. That is readily accomplished by reserving 
for the analog sensors the lower half of the 2" selecting codes 
possible with an n-bit code. The gate G, is then enabled only 
when the most signi?cant bit is false, and one of the gates Gl 
to G,l is enabled when the most significant bit is true. An OR 
gate 27 couples the outputs of the AND gates G, to G, to the 
data buffer 18 and the data processing and monitoring unit 19. 
The selection of a data source is controlled by a ?eld of binary 
digits in the selection being stored in one of the system control 
registers for the given sample. 
The A/D converter is provided with an output register, such 

as a seven-bit register, in which the digital value of the analog 
signal is developed. For example, using the successive-approx 
imations technique, the bits are set true in the register in 
sequence starting with the most signi?cant bit position, and 
the output of the register is converted back into analog form 
for comparison with the sample stored in a sample-and-hold 
circuit. if the sample signal is exceeded, the last bit set is reset, 
and the process of conversion continues until all seven bits 
have been properly set in just eight clock periods. The clock 
periods are metered by clock pulses (CP) from a high frequen 
cy oscillator 30 shown in FIG. 3. Once eight clock pulses have 
been applied, following a sample pulse from the sequence con 
trol unit 17, further application of CP pulses to the output re 
gister is inhibited until the next sample pulse occurs. In the 
meantime seven shift control pulses B1 to B7 are applied to the 
output register for serial readout through the gate Go. Data 
from selected digital data sources are similarly read from out 
put registers in the block 21 under control of the shift control 
pulses B1 to B, from the sequence control unit 17. 

FIG. 2 shows a timing diagram for these shift control pulses 
B1 to B, from the sequence control unit. The selection of sen 
sor, or data source, is made during STEP 5 of the sequence 
control unit by a select enable signal (SE). The conversion is 
then enabled by an A/D signal which is true for eight clock 
pulses. The leading edge of the next A/D pulse can be used to 
reset the output register for the next conversion cycle, but in 
practice that register is simply cleared as the seven-bit number 
is shifted out. For a digital data source, the signal SE is used to 
read into buffer registers within the block 21 data from all of 
the sources. The seven shift pulses B1 to B, are then used to 
simultaneously read out the data words in series. The decoder 
26 then selects only one data word. This organization is feasi 
ble because the bank of buffer registers necessary can be 
readily provided using integrated circuit technology. An alter 
native organization would be to provide only one buffer re 
gister and banks of selection gates to read out only one digital 
data source in parallel into that register in response to the 
signal SE. The shift pulses would then be employed to serially 
transfer the data word to the data buffer 18 and monitoring 
unit 19. These arrangements are suggested by way of example, 
and not limitation; still other equivalent arrangements within 
the scope of the invention will occur to those skilled in the art. 
The sequence control unit includes a sequencing section 

shown in FIG. 3 for producing the timing signals shown in H0. 
2. System clock pulses from a source 30 are counted by a 
counter 31 (to divide the clock pulses by 32, for example). 
The lower rate pulses are then applied to a two-phase clock 
generator 32, thereby producing phase displaced clock pulses 
(l1 and 02 at the lower rate. A START command signal from 
the GP computer sets a ?ip-?op 33 to enable a seven-stage 
ring counter 34 to be reset to an initial condition (state 1) in 
response to a pulse generated by a di?'erentiating network, 35 
and to enable the ring counter to be operated by 01 clock pul 
ses via a gate 36. As successive stages of the counter are 
turned on in sequence, signals from the stages mark the seven 
steps of a sample sequencing cycle. Each step signal gates a 0, 
pulse through one of a bank of gates 37 to produce a sequence 
of pulses, S1 to 5-,. 
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All of the signals Sl to S-, are combined through an OR gate 
38 to produce a continuous train of shift pulses (B, to B1). The 
STEP 5 signal, from which the pulse S, is derived, is employed 
as the select enable signal SE referred to hereinbefore. [t is 
also employed to enable a decoder 39 connected to the 
counter 31 to set a ?ip-?op 40 at a predetermined count (for 
example 18) and to reset the ?ip-?op eight system clock pul 
ses later. The output of the ?ip-?op is then employed as a con 
trol signal AIDE to enable the A/D converter 25. A sensor is 
thus selected, and a sample taken, during the ?rst l8 periods 
of the system clock pulses. Conversion then takes place during 
the next 8 periods of the system clock pulses. Thereafter, bit 
pulses B, to 8-, read out the digital number. 

If an analog sensor is not selected, the gate G, is not ena 
bled, thus effectively shutting out the A/D converter. ln prac 
tice, operation of the A/D converter would be inhibited when 
an analog sensor is not being selected to avoid unduly exercis 
ing the A/D converter. 
The control lines and serial data transmission lines in the 

system thus far described are properly represented as single 
lines, except the selection lines from system control registers 
24 to the sensor select control unit 23 and decoder 26; those 
lines are represented by heavy lines to be cables because they 
include separate lines for parallel transmission of a selection 
code, such as an eight-bit code for a system of 511 possible 
analog sensors and digital data sources to be selected. As each 
sensor or data source is selected in response to a selection 
code read from memory, the channel and mode of channel 
operation are selected by an operation code taken from a dif 
ferent field of the same word read from memory to obtain the 
selection code. Accordingly, cables are shown for parallel 
transfer of words to and from the system control registers, and 
to the buffer 18 and data processing unit 19. Cables are also 
shown for parallel transfer of data words to the memory unit 
for stage and/or transfer to the GP computer via the [/0 unit 
13 and from the GP computer to the memory unit via the same 
unit. In addition, cables are shown between the sequence con 
trol unit 17 and both the system control registers and the 
sequence control unit for transmission of the various control 
signals. 
The sequence control unit 17 includes the timing networks 

of FIG. 3 and other control logic while the system control re 
gisters 24 include as a unit all registers and counters. Since the 
control unit and control registers interact extensively, both 
will be described in greater detail with reference to FIG. 4. To 
further facilitate understanding an exemplary embodiment of 
the present invention, the auxiliary memory unit 16 is shown 
in FIG. 4 divided into a magnetic core memory 160 and an ad 
dressing unit 16b which controls both storing and reading 
operations in a conventional random access core memory 
system. Thus it should be understood that with reference to 
the organization illustrated in FIG. 1, the memory unit 16 and 
the registers and counters of FIG. 4 are not a part of the 
sequence control unit; this division is arbitrary and for pur 
poses of description only. 
The memory access rate is l .5 MHz, and can be used to pro 

gram the sampling of data from one group of up to 256 loca 
tions or channels of sensors and digital data sources (normally 
32) at a given rate R; and additional groups of locations at 
lower rates R/2, R/4,...,R/2", where n is arbitrarily selected to 
be equal to seven for a total of eight different rate groups. If 
256 is the total number of locations or channels to be selected, 
their addressed may be arranged in one of various different 
rate-group patterns (referred to hereinafter as formats) in 
memory. The number of different formats possible is virtually 
without limit since the total number of different accessible 
channels can be arranged in different combinations and per 
mutations. For an exemplary implementation, assume the 
memory locations are allocated (in octal code) for this 
telemetry system as follows: 

USE LOCATION CONTENT 

000-007 C‘TLADR/CT Scratch pad memory for 
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6 
control words 

010-017 DELAY/NI Number of samples in prelent 
group and group rate 
identi?cation for next 
group 

020-027 CT LADRICT Control word memory 
030-377 DATAlD/LP Data source identi?cation 

memory for next group 

Each of the locations reserved for the group rate identi?ca 
tion include a ?eld DELAY of six bits to specify the number of 
data (analog or digital) sources to be sampled in a given rate 
group, and a ?eld Nl of three bits to specify the least signi? 
cant octal digit of a memory location from 010 to 017 for the 
next rate group. For example, if it is to be a rate group R/8, the 
?eld Nl will store an octal 3, thereby specifying memory loca 
tion 013 for the next rate group identi?cation. Assuming the 
present rate group is 26 at the rate R, the DELAY ?eld will 
store a number equal to 63-26. As each data source of the 
present rate group is sampled, that number is incremented so 
that when the count of 63 is reached, a signal DLY is 
generated to advance the programmed sequence control unit 
to the next rate group speci?ed in memory location 013. 
The DELAY ?eld for all rate groups of a given format ex 

cept the ?rst group at rate R, will always be 63-1, so that only 
one source is sampled before another signal DLY again ad 
vances the sequence control unit. For the rate group R/8, one 
source is sampled every minor frame (a minor frame being a 
sequence which runs through all programmed rate groups one 
time), and for the ?rst seven minor frames, the location in 
memory for the data source identification to be used in the 
next minor frame is stored in the scratch pad memory at loca 
tion 003. Thus the octal number 3 is used to not only point to a 
memory location 013 to go from the last rate group to the 
present, but also to point to the memory location 003 as the 
place to store a control word address (CTLDR/CT) after it 
has been incremented in order to fetch the data source 
identi?cation (DATAlD/LP) for the next source to be sam 
ples in that rate group R/8 during the next minor frame. 
Upon entering a new frame group, such as the rate group 

R/8 for the ?rst time, and every eighth time thereafter, the 
required control word address (CT LDR/CT) is taken from a 
location in the sequence 020 to 027 associated with that rate 
group by the least signi?cant octal digit, in this case location 
023. Thereafter, for the intervening minor frames, the control 
word address is taken from the scratch pad memory location 
associated with that rate group, in this case location 003. 
Each control word address carries a flag bit CT which is a 

binary 0 in all cases for all rate groups, except the last rate 
group, and a binary 1 for the last rate group. Assuming the last 
rate group is a group of 64 data sources or channels as shown 
in an exemplary format in FIG. 5, for a group rate of R164, the 
control word address Cl'LADR/CT of the memory location 
(in the block from 030 to 377) selected for the data source 
identi?cation of the ?rst channel 40 is read from memory lo 
cation 026, used to select the channel 40, incremented and 
stored in scratchpad memory location 006. For example, the 
CTLADR ?eld may specify memory location 126 where the 
code 040 is to be found. Before being stored in scratch-pad 
memory, it is incremented to 127 so that during the next 
minor frame, the code 041 may be read from memory location 
127. 

It should be noted that the source identi?cation codes need 
not be grouped in sequential order since the source selection 
system described with reference to FIG. 1 permits random 
selection. The next channel could just as well have been 3l9, 
or any other of 511 channels. The limit of 511 is due to only 
eight bits being available in the data source identi?cation 
(DATAlD/LP) to be read from memory. It should also be 
noted that in this exemplary embodiment, the memory is as 
sumed to include only 232 memory locations from 030 to 377 
in octal code. Therefore, all 511 channels cannot be included 
in a programmed sequencing format because one memory lo 
cation is required to store each data source identi?cation code 
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of each included. In other words, although an eight~bit code 
permits 256 possible source identi?cations, only 232 can ac 
tually be accommodated. If more must be accommodated it 
would be a simple matter of providing for more bits in the 
source identi?cation bit. 

One bit of the data source identi?cation word is a ?ag which 
is normally programmed as a binary 0 if the channel speci?ed 
is to be addressed only once during the current minor frame. If 
a channel is to be sampled a number of times during the minor 
cycle, the ?ag LP is set equal to I. That is used to inhibit incre 
menting the control word (CTLADR/CI‘), thereby causing 
the same channel to be addressed until the DELAY number 
has been incremented to 63. This special feature is useful, for 
example, to make several readings in rapid succession for the 
purpose of computing an average reading without repeating 
the data identi?cation word DATAID in memory at successive 
memory locations. In an exemplary format, it is only used for 
that purpose at the end of the ?rst rate group. If it is used in 
any other rate group, the delay counter is stored with the 
number controlling the number of samples to be taken before 
entering a new number in the new index register. Thereafter 
an FRF signal will cause the next control word to be taken 
from the associated memory location in the block from 020 to 
027 instead of from the associated scratch pad memory loca 
tion in the block 000 to 007. 
Each source identi?cation word (DATAID/LP) is, as just 

noted, a nine-bit word if only programmed sequencing is to be 
provided in accordance with the present invention. In some 
applications, it is desirable to program speci?c data processing 
for each sample, such as for real-time data transmissions with 
a particular type of data compression or delayed data trans 
mission with data processing and monitoring. The data 
processing may, for example, include comparison with the last 
sample to determine whether the change has exceeded a 
predetermined value. If so, the GP computer may be alerted 
(over a line not shown) or the ground station may be alerted 
by including with the data to be transmitted a predetermined 
code. Following that the new sample value will replace the old 
sample value in the memory with the source identi?cation, i.e. 
as a ?eld of the DATAlD/LP word. To accomplish that, the 
DA'I'AID/LP word must include an additional ?eld for an 
operations code which will specify the data processing to be 
carried out by the buffer 18 and the data processing and moni 
toring unit 19. How the operations are carried out is not part 
of this invention which relates to a programmable telemetry 
system. 
Another feature of the system illustrated in FIG. 1 is that the 

output data buffer and transmission channel may be moni 
tored to determine when the buffer is getting too full. When 
that occurs, the unit 19 will receive a buffer-full signal, and 
generate a code or interrupt signal which will cause the GP 
computer to alter the sample sequencing format to a form that 
will alleviate the buffer-fullness problem. Another possibility 
would be for the output data buffer to transmit buffer~fullness 
data and for the unit 19 to carry out all of the monitoring tasks 
on bu?‘er fullness. In either case, the important feature of the 
present invention, namely a programmable sequencing format 
can be used to advantage in preventing the loss of data due to 
over?ow of the output data buffer. 

This novel arrangement allows sampling rates to be op 
timized individually for each sensor. By changing the program 
stored in the memory, any sensor or digital data source can be 
added, deleted, or have its sampling rate changed without sig 
ni?cant change in the sample rates of others. In addition, 
disposition of the data can be tailored and changed at will for 
each sensor or digital data source. 

Before describing the exemplary format shown in FIG. 5 in 
greater detail, the organization and operation of the sequence 
control unit 17 and system control registers will be more fully 
described with reference to FIG. 4, and a ?ow chart shown in 
FIG. 6. For convenience all of the system control reg'sters, 
namely two index registers, and two address registers are 
shown with the components of the sequence control unit as 
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8 
one integral unit. In addition, the memory unit 16 is 
reproduced in FIG. 4 to facilitate understanding the operation 
of the sequence control unit. As noted hereinbefore, the divi 
sion into functional blocks in FIG. 1 is arbitrary, and for pur 
poses of description only. 
From the foregoing it will be appreciated that a pro 

grammed sequencing format entails a number of minor frames 
making up a major frame. When the last of a group sampled at 
the lowest rate has been completed, the major frame is 
complete, and the next minor frame starts a new major frame. 
A START command signal initiates the ?rst minor frame of a 
major frame, and the major frame is completed again and 
again, until an EXIT command resets the ?ip-flop 33 (FIG. 3). 
The step signal generator shown in FIG. 3 cycles once for 

each sample or digital data source selected. The selection is 
made by an address register 41 which receives data identi?ca 
tion word (DATAID/LP). The location in memory from 
which this register is loaded is determined by the control word 
(CI'LADR/CT) in a control address register 42. Four addi 
tional registers are required to complete sequence control of 
minor and major frames. A frame count register 43 is provided 
to keep track of which minor frame is in progress, and a three 
bit present index register 44 is provided to point to the loca 
tion in memory from which the control address register will be 
loaded with a control word that determines the memory loca 
tion from which the address register 41 is loaded for the next 
selection. A threebit new index register 45 points to the 
memory location for the next control word to make the next 
selection after taking the allotted number of samples at the 
present rate, i.e. to provide transition in the minor frame 
between sequences at di?ierent rates. A transfer delay counter 
and decoder 46 is also provided in the manner to be described 
next. 

There will be a number (1 to 63) of samples programmed 
for each rate. For the maximum rate R, the complement of 
that number is loaded into the transfer delay counter and 
decoder 46 from the memory location 010 uniquely as 
sociated with the rate R. The function of the transfer delay 
counter and decoder 46 is to determine how many samples 
will be taken at a given rate in a minor cycle. If X samples are 
to be taken, the number 63--)( is stored, and the decoder por 
tion simply determines when X samples have been taken by 
detecting when a count of 63 has been reached. Until then the 
detector output DLY is false, i.e. equal to 0. Thus, the transfer 
delay counter must be loaded from memory once for each rate 
contained in each minor frame. The three bits in the present 
index register along with the signal S,,, determines the location 
from which the transfer delay counter will be loaded. Thus the 
present index register will specify a location from 000 to 007 
and the signal S3 will effectively add 8 to change the address to 
one from 010 to 017. 

The frame counter register 43 is incremented at the end of 
every minor frame. To accomplish that, the control word 
stored in the address register 42 includes a flag bit (CT) which 
is used to increment the frame count register, as noted herein 
before. Accordingly, the flag bit in every control word in 
memory pointing to the address of a sample at the rate in 
cluded last in a minor frame is set equal to l, and in all other 
control words, equal to 0. 
Once all of the samples programmed at a given rate in a 

minor frame have been sampled, there must be some way of 
returning to the control word which points to the memory lo 
cation containing the address of ?rst sample to be taken again 
during the next minor frame. A frame return decoder 47 ac 
complishes that by comparing the number in the frame count 
register with the contents of the present index register which 
not only points to the location in memory from which the con 
trol address register is to be loaded next but also is associated 
with the rate of the group to be sampled next. For example, 
since the samples at a given rate R/2'l repeat themselves every 
2" minor frames, and since the present index register is loaded 
with the number n for the current rate groups of samples, 
when the frame count register reaches the minor frame count 
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of 2" for that rate group, the frame return decoder 47 trans 
mits a signal FRF. The control address register will then be 
loaded from the same memory location as it was during the 
?rst minor frame, i.e., from an initial condition location in the 
block 020 to 027. Which of the eight locations depends upon 
the content of the present index register which will be an octal 
digit from 0 to 7 for the respective memory locations from 020 
to 027. An advantage of this arrangement is that the pro 
grammable access telemetry system will automatically recycle 
to an initial condition so that any transient which may cause 
an error sequencing through any given rate groups will not be 
carried forward inde?nitely. 
The control word in the address register 42 is incremented 

after each sample and then stored in a scratch pad memory in 
order that it point to the memory location of the data identi? 
cation word (DATAID/LP) for the sensor or digital data 
source to be sampled in the same rate group. Incrementing is 
automatic unless the data identi?cation word has a bit 1 in a 
?ag position (LP) as noted hereinbefore. Therefore, is Llhl 
for a given data source, the system will return to the same 
memory location in the block from 030 to 377 each time the 
corresponding control word is called out for the particular 
rate group until the frame return signal FRF occurs. That al 
lows successive multiple sampling from a single source. Each 
time the memory 16 is addressed, a memory addressing unit 
16b is controlled by the address from the appropriate register 
by sequence control signals S2, S3, S4 and Se, either directly or 
conditionally through gates. 

It should be clearly understood that each channel of each 
minor frame requires one 7-step cycle of the waveforms 
shown in FIG. 2 and generated as described with reference to 
FIG. 3. Therefore an understanding of that cycle will aid in un 
derstanding the system of FIG. 4. To facilitate that, the flow 
chart shown in FIG. 6 will be described in conjunction with a 
further description of FIG. 4. 
As noted hereinbefore a START command signal initiates 

the ?rst cycle for the ?rst minor frame. The cycle repeats au 
tomatically until an EXIT command is received. The START 
command resets the new index register 45, resets the frame 
count register 43 and sets the transfer delay counter and 
decoder to the count of 63. It also sets the flip-flop 33 (FIG. 
3). The ?rst step then transfers the contents of the new index 
register 45 (which is not octal 0) to the present index register 
44 to point to the memory location for the control word to be 
used in addressing the ?rst rate group of channels in sequence. 
The control for that is through a gate 60 enabled by the 
sequencing signal S]. A Signal DLY from the transfer delay 
counter and decoder 46 will be true at this time (because it 
has just been set to 63 to make it possible. 

In step 2, the ?rst control word is transferred from the 
memory location speci?ed by the present index register 
(which is now octal 0) plus 16 (which is equal to 020). The 
frame return ?ag FRF from the decoder 47 (now equal to I 
because both registers 43 and 44 are at 0) signi?es that an ini 
tial condition location is to be used and not a memory scratch 
pad location. Gate 61 provides timing control during this 
operation and gate 62 provides the “plus 16" control. In step 
3, the transfer delay counter and new index register are loaded 
from a memory location 010 speci?ed by the number in the 
present index register (which is still octal 0) and the timing 
signal 5;. That is done by applying the signal S, to the memory 
addressing unit to combine a binary l with the three binary 0’s 
in the present index register to obtain the octal code 010. The 
new index is a ?led of three bits of a nine-bit word read from 
the memory location 010. The balance of the nine-bit word go 
to the delay counter. A gate 63 provides timing control for this 
operation. That completes preparation for the ?rst cycle with 
“initial conditions“ taken from memory locations 010 and 
020. For Subsequent cycles which start a new rate group, 
operation of the sequence control unit is much the same as 
will be presently understood. 

In step 4, the selection address register 41 is loaded from 
memory with the address of the sensor or data source to be 
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sampled as speci?ed by the control word in the register 42. To 
accomplish that, the timing signal S. is applied to that register 
and the memory addressing unit. 
The ?rst sample is taken during step 5. Preparations are also 

made during step 5 for sampling the next channel by incre 
menting the transfer delay counter if the count of 63 has not 
been reached, i.e. if DLY-0, and by incrementing the control 
address register 42 to point to the next memory location in 
sequence containing the address of the sensor or digital data 
source to be sampled next, but only if the flag LP of the data 
identi?cation code (DATAlD/LP) in the address register for 
the current channel is zero. Thus, as noted hereinbefore, by 
programming a ?ag LB=I in a data identi?cation code, the 
system can be caused to sample the same channel repeatedly 
until a frame return signal FRF occurs. This allows multiple 
sampling from a single memory location as shown in the for 
mat of FIG. 5, thus conserving memory locations used for the 
format. A timing signal S, applied to gates 64 and 63 will 
respond to the signal S, to control these operations while the 
signal S, controls the sampling process directly, as described 
hereinbefore with reference to FIG. 1. Thus, if LP is 0, the 
control word in the register 42 is incremented to fetch from 
memory the next data identi?cation code of the ?rst rate 
group, and if DL Y=O the counter 46 is incremented to keep 
track of the number of channels sampled in sequence. 
As long as DLY remains equal to zero, no operation will 

take place in the sixth and seventh steps of the current 
sequence control cycle, and no operation will take place in the 
?rst three steps of the next cycle either. In the fourth step, the 
selection address register 41 is loaded from the memory loca 
tion speci?ed by the contents (control word) of the register 
42. The ?fth step is then executed as before, and the process is 
repeated until the programmed number of samples at the ?rst 
rate R have been taken in sequence, at which time the signal 
DLY becomes true (DL Y=l ). 

In the sixth step the control word (CI'LADR/CT) is stored 
in the scratch pad memory location 000 associated with the 
?rst rate group R, as speci?ed by the present index register 
which is still at O. The frame count register 43 is not incre 
mented at this time, nor during subsequent rate group cycles, 
until the last, because the control words for the ?rst rate group 
and the subsequent rate groups prior to the last rate group are 
not provided with a flag ( CT=1 ). 

Referring to FIG. 5, frame count register would be incre 
mented only when the control word for the last rate group 
(rate R/64) is loaded into the register 42. Initially that control 
word has the address for the memory location of the data 
identi?cation code for channel 40, and the ?ag bit CT. 
Thereafter, that control word is incremented in step 5 and 
stored in the scratch pad memory location speci?ed by the 
present index register during step 6. The step signal S' pro 
vides control for these operations through gates 66, 67 and 68. 
The gate 68 is enabled only when DLYis true, i.e. not equal to 
0, which is when the desired number of samples have been 
processed out of the rate group in progress. Accordingly, that 
output controls the operation of storing CTLADR/CT in the 
scratch pad memory location speci?ed by the present index 
register. 
Each subsequent rate group is processed in the same 

manner. During step 1, the contents of the new index register 
(loaded during step 3 of the ?rst cycle for the last rate group) 
are transferred to the present index register to be used to load 
the control word for the ensuing rate group in the register 42 
during step 2, and the load the delay counter and new index 
register during step 3. The latter is loaded with the octal 
number of the next rate group. Thus during the ?rst rate 
group, the new index register is stored with the octal code 3 
for the next rate group RIB. In the exemplary format of FIG. 5, 
there are 32 channels to be sampled at the same rate Rl8. That 
is accomplished by programming a count of four (speci?cally 
63-4) to be loaded into the delay counter. In that manner, the 
next four channels 230, 220, 2l0 and 200 are sampled in 
sequence during the ?rst minor frames. 
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During subsequent minor frames, successive subgroups of 4 
are sampled until eight minor frames have been completed. 
That is detected by the frame return decoder, which, in 
response to the octal 3 code in the present index register, 
causes binary 0's in the three least signi?cant bit positions of 
the frame count register to be detected. The frame count re 
gister is, of course, incremented by only the programmed ?ag 
CT in the control word of the last rate group R164. 

It should be noted that for the rate group R18 of 32 chan 
nels, the data identi?cation codes 230, 220 . . . 231, 221 . . . 

239, 229 . . . 207 are stored in successive memory locations in 

the block from 030 to 377 in order for one control word (CT - 
LADR/CT) to be used for all 32 channels. It should also be 
noted that although all possible rate groups need not be in 
cluded in a minor frame, any one rate group can be included 
only once. Therefore, all channels to be sampled at the same 
rate must be grouped together using subgroups as just illus 
trated for 32 channels at the rate R18. 

Storing the control word from the register 42 in a memory 
location of the scratch pad memory speci?ed by the rate 
group code in the present index register in step 6 will allow the 
next minor frame to proceed with the next channel of the 
same rate group in sequence during the next minor frame. No 
operation takes place during step 7. The period for that step is 
provided in the sequence control unit cycle to allow for the 
last bit of a seven bit number to be serially transferred into the 
real time data buffer 18 or the data processing and monitoring 
unit, whichever is speci?ed by operation-code bits read into 
the register 41 as part of the data identi?cation code. The 
operation-code bits are applied to the data buffer 18 and the 
monitoring unit l9 to control operation of those units for the 
data then being sampled. It should be noted that if additional 
time is required, such as for data processing, before another 
sample is taken in sequence, the sequence control unit cycle 
can be extended to include additional idle steps following step 
7 before recycling to step I. 

If an EXIT command has not been received by step 7, Le. 
EXJT=0 before step 1 of any cycle, the 7-step cycle will be re 
peated starting with step 1; otherwise, the operation of the 
sequence control unit is terminated until another START 
command is received at which time the system will automati 
cally go to a ?xed program sequence to load the memory from 
the GP computer. 
The frame return decoder first decodes the rate group 

number in the present index (P, PI Po) register as 0, l ...7 for 
the rate groups R, R/2 R,’ 128 to generate signals X,,, X ,, 
...X,, respectively, and then decodes the frame count register 
bits C,, to Cu to generate the FRF signal as follows: 

In that manner, the operation specified in steps 2 will use 
either “initial condition" memory locations 020 to 027 for 
control words, or the scratch pad memory locations 000 to 
007 according to the following logic equations: 
INITIAL coNDlTlONlSgDLY FRF) 53 P, P, P,, (S2 DLY 

FRF) s, P, P, P, 
Following that, in step 3, the delay counter and present index 
register are loaded from the _respective memory locations 
speci?ed by the control logic (S, DLY FRF) S, P, P1 P0. Thus, 
?nally on step 6, the contents of the control address register is 
stored in scratch pad memory at a locaiion speci?ed by the 
present index register and control logic (SI DLY FRF) 3;, P, PI 
P0. The next rate group is then introduced and the delay 
counter 46 is loaded with an appropriate number which will 
cause DLY to be equal to i when it has been incremented the 
required number of times. All subsequent rate groups are 
similarly introduced until the last rate group is introduced. 
The control word for that last rate group includes a bit CT 
which causes the frame count register 43 to be incremented. 
As a transition is made from one rate group to another during 
each minor frame, the scratch pad location is used to store the 
control word for the next sample of the one rate group. 
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Although particular embodiments of the invention have 

been described and illustrated herein, it is recognized that 
modi?cations and variations may readily occur to those skilled 
in the art. For example, to permit indirect addressing of data 
source identi?cation words in the memory locations 030 to 
377, the LP flag may be expanded to include a second binary 
digit. The binary code 00 would permit the control word CT 
LADR in the register 42 to be incremented as before, and the 
binary code 01 would inhibit the control word from being in 
cremented. The code 11 would then be used to both inhibit 
the control word from being incremented and to cause the 
content of the selection address register to be transferred to 
the control address register, and the code ll would also in 
hibit selection of a data source, all during step 5. The stored 
word DATAlD/LP having Lkll is then not a data source 
identi?cation but simply a word having a control word filed 
(CI'LADR) to be substituted for the present on in the register 
42. Thus, at the expense of just one sequencing unit cycle, the 
format can be programmed to jump from one memory loca 
tion to any other memory location for the data source identi? 
cation word of the next sample. This indirect addressing possi 
bility can be used to facilitate altering an existing format in 
memory without rewriting or rearranging the entire format. 
Another example of a useful modi?cation is an expansion of 

the rate group identi?cation code to four or more bits in order 
to have more than seven rate groups, each with one associated 
memory location from each of three blocks of memory as be 
fore. A variant would be to use additional bits to specify 
second groups of the same rates. For instance, assuming a four 
bit code, the three least signi?cant bits can be used for seven 
distinct rate groups as before with a bit zero in the fourth bit 
position, and for seven alternate rate groups of the same rates 
as the seven distinct rate groups with a bit one in the fourth bit 
position. In that manner, a given rate group can be included in 
the fonnat twice, each time for a different set of sensors and 
data sources. 

Still other modi?cations and variations will occur to those 
skilled in the art. Consequently, it is intended that the claims 
be interpreted to cover such modi?cations and variations. 
What is claimed is: 
1. A programmable telemetry system comprising , 
a memory unit having a plurality of randomly accessible 
memory locations for storing digital signals representing 
control words for sampling predetermined sources of data 
at different rates in a desired format, digital signals 
representing identi?cation codes of said data sources, and 
digital signals representing the number of data sources to 
be sampled in sequence at a given rate, 

a ?rst register coupled to said memory unit for receiving 
data identi?cation code words in rate groups from 
predetermined memory locations, all groups except one 
consisting of a plurality of data sources to be sampled at a 
desired rate, R12" where n is a positive integer, relative to 
said one group which is to be sampled cyclically at a rate 
R, each group being stored in a unique block of memory 
locations, 

a second register coupled to said memory unit for receiving 
control words in a predetermined order, each control 
word specifying the memory location of the ?rst data 
identi?cation code word of a unique rate group, 

a delay counter coupled to said memory unit for receiving 
digital signals representing a delay word in the form of a 
number specifying the number of data sources of a given 
rate group to be sampled in sequence during one minor 
frame cycle, where a minor frame is de?ned as the inter 
val between samples of a given data source occurring 
once in the highest rate group, and for counting the 
number of successive samples taken from a given rate 
group, and 

sequence control means for loading control words into said 
second register one at a time from a predetennined block 
of memory locations, for loading delay words into said 
counter, one delay word for each control word from a 
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predetermined group of memory locations, for loading 
data identi?cation control words into said ?rst register 
from memory locations speci?ed by the control word in 
said second register, each time incrementing both said 
control word in said second register and said delay word 
in said delay counter, for storing each incremented con 
trol word within another predetermined block at a 
memory location uniquely associated with the rate group 
controlled by the incremented control word being stored 
when the number of samples speci?ed by said delay word 
have been taken, and for loading a given control word 
into said second register from either said predetermined 
block of memory locations reserved for unincremented 
control words or from said block reserved for for incre 
mented control words depending upon whether all of the 
samples from the rate groups controlled have just been 
completed during the previous minor frame cycle. 

2. The combination de?ned by claim 1 wherein each unin 
cremented control word loaded into said second register in 
cludes a ?ag indicating whether or not the rate group con 
trolled thereby is the last rate group of a minor frame cycle, 
and said flag is stored with each incremented control word in 
said memory location uniquely associated with the rate group, 
each rate group R12’. is identi?ed by the number 11 represent 
ing the exponent of 2 by which the highest rate is divided to 
determine its group rate, and said sequence control unit in 
cludes 

a third register, 
means for loading into said third register said number n as 

sociated with the rate group being controlled by the con 
trol word in said second register, 

frame counting means for counting in binary form the 
number of times said ?ag, loaded into said second register 
with a control word, indicates that the rate group con 
trolled thereby is the last of a minor frame, 

means responsive to said number n in said third register for 
generating a frame return ?ag when the n least signi?cant 
binary digits are each equal to zero, and 

means responsive to said frame return flag for causing the 
control word for a given group to be loaded from a 
memory location reserved for an unincremented control 
word for the group of the group rate associated with the 
number n, and for causing an unincremented control 
word for the group of the highest group rate R to always 
be loaded from a memory location reserved for an unin 
cremented control word. 

3. The combination de?ned by claim 2 wherein which of 
said predetermined group of memory locations for unincre 
mented control words is, in each instance, selected from a 
group of 11 memory locations, where the addresses for the 10 
cations in the two groups is comprised in the least signi?cant 
parts of the numbers 0 to n, such that memory locations 0 to n 
are reserved for the respective rate groups R, R/Z‘, . . . ,R/2". 

4. The combination de?ned by claim 3 wherein each delay 
word for a given rate group is read from a memory location in 
a unique block of n memory locations, each location of said 
block is identi?ed by the number n in the leat signi?cant por 
tion of its address, and the number n identifying the rate group 
to be sampled next is read from the same memory location as 
said delay word for the current rate group to be sampled, and 
at the same time, including 

a fourth register into which said number n is read while said 
delay word is being entered into said delay counter, and 

means for transferring the content of said fourth register to 
said third register when said delay counter has counted a 
number of samples speci?ed by said delay word. 

5. The combination de?ned by claim 4 including 
a source of system clock pulses, 
a cyclic timing means connected to said source of clock pul 

ses and responsive thereto for generating a cyclical 
sequence of step control signals, and 

wherein said sequence control means responds to said step 
control signals to transfer the content of said fourth re 
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gister to said third register during the ?rst step, to load 
said second register from a memory location speci?ed by 
the content of said third register and said frame return 
flag during the second step, to load said delay counter and 
said fourth register from a memory location speci?ed by 
said third register during the third step, to load said ?rst 
register from a memory location speci?ed by said second 
register during the fourth step, to increment said delay 
counter if the delay count is not complete, to increment 
said second register and select the data source speci?ed 
by said ?rst register during said ?fth step, and, if, during 
the sixth step the number of samples speci?ed by said 
delay count has been taken, to increment said frame 
counting means if said ?ag loaded into said second re 
gister with a control word during the second step in 
dicates that the rate group controlled thereby is the last of 
a minor frame, and to store the incremented control word 
in a memory location speci?ed by said third register; 
otherwise, if the number of samples has not been taken, 
to recycle to the fourth step from the ?fth step. 

6. The combination de?ned by claim 5 wherein said 
sequence control means recycles to the fourth step from the 
?fth step through idle sixth, ?rst, second and third steps in 
order to allow the same amount of time for processing each 
sample. 

7. The combination de?ned by claim 6 wherein there is at 
least one additional idle step following each sixth step to allow 
suf?cient time for processing of sampled data. 

8. The combination de?ned by claim 7 wherein each data 
identi?cation code includes a repeat ?ag code which, when set 
to a predetermined value, indicates that the sample speci?ed 
be taken repeatedly during successive sequencing cycles until 
the number of samples speci?ed by said delay word for a given 
rate group has been taken, and wherein the step of increment 
ing said second register is conditioned on said repeat ?ag code 
of a given data identi?cation code not being set to said 
predetermined value. 

9. The combination de?ned by claim I wherein each data 
identi?cation code word includes a ?ag code which, when at a 
predetermined value, indicates the same data identi?cation 
code word is to be used again, and said sequence control 
means includes means for inhibiting said control word in said 
second register from being incremented, whereby the same 
data identi?cation code word is used for successive samples 
until the number of samples speci?ed by said delay word has 
been taken. 

10. A programmable telemetry system comprising 
a memory unit having a plurality of randomly accessible 
memory locations for storing digital signals representing 
control words for sampling predetermined sources of data 
at different rates in a desired format, digital signals 
representing identi?cation codes of said data sources, and 
digital signals representing the number of data sources to 
be sampled in sequence at a given rate, 

a ?rst register coupled to said memory unit for receiving 
data identi?cation code words in rate groups from 
predetermined memory locations, all groups except one 
consisting of plurality of data sources to be sampled at a 
desired rate, R/Z" where n is a positive integer, relative to 
said one group which is to be sampled cyclically at a rate 
R, each group being stored in a unique block of memory 
locations, 

a second register coupled to said memory unit for receiving 
control words in a predetermined order, each control 
word specifying the memory location of the ?rst data 
identi?cation code word of a unique rate group, and 

sequence control means for loading a control words into 
said second register from a predetermined block of 
memory locations, loading data identi?cation control 
words into said ?rst register from memory locations 
speci?ed by the control word in said second register, each 
time incrementing said control word in said second re 
gister, storing each incremented control word within 
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another predetermined block at a memory location 
uniquely associated with the rate group controlled by the 
incremented control word being stored and loading a 
given control word into said second register from either 
said predetermined block of memory locations reserved 
for unincremented control words or from said block 
reserved for for incremented control words depending 
upon whether all of the samples from the rate groups have 
just been completed during the previous minor frame cy 
cle, where a minor frame is de?ned as the interval 
between samples of a given data source occurring once in 
the highest rate group. 

i l. The combination de?ned in claim 10 wherein each 
unincrernented control word loaded into said second register 
includes a flag indicating whether or not the rate group con 
trolled thereby is the last rate group of a minor frame cycle, 
and said flag is stored with each incremented control word in 
said memory location uniquely associated with the rate group, 
each rate group R/2" is identi?ed by the number n represent~ 
ing the exponent of 2 by which the highest rate is divided to 
determine its group rate, and said sequence control unit in 
cludes 

a third register, 
means for loading into said third register said number n as 

sociated with the rate group being controlled by the con 
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trol word in said second register, 

frame counting means for counting in binary form the 
number of times said ?ag, loaded into said second register 
with a control word, indicates that the rate group con 
trolled thereby is the last of a minor frame, 

means responsive to said number n in said third register for 
generating a frame return ?ag when the n least signi?cant 
binary digits are each equal to zero, and 

means responsive to said frame return ?ag for causing the 
control word for a given group to be loaded from a 
memory location reserved for an unicremented control 
word for the group of the group rate associated with the 
number n, and for causing an unincremented control 
word for the group of the highest group rate R to always 
be loaded from a memory location reserved for an unin 
cremented control word. 

12. The combination de?ned in claim 11 wherein which of 
said predetermined group of memory locations for unincre 
mented control words is, in each instance, selected from a 
group of n memory locations, where the addresses for the lo 
cations in the two groups is comprised in the least signi?cant 
parts of the numbers 0 to n, such that memory locations 0 to n 
are reserved for the respective rate groups R, R/2 ', . . . ,R/Z". 


