REDUNDANCY REMOVAL ALGORITHMS APPLIED TO
GEMINI XII DATA
H. M. JORY
Senior Engineer
McDonnell Douglas Corporation.

Summary This report presents the results of a company funded computer study to
deter-mine the effectiveness of redundancy removal algorithms as applied to manned
spacecraft data. The company familiarity with and access to manned space flight data
provided an almost unique opportunity to study this method of data compression using
data representative of that which will be required from a Manned Mars Mission. A total
of 28,500 seconds of the Gemini XII flight is examined using seven algorithms and three
different tolerance bands. Over eleven million samples have been examined using
terminology and descriptions consistent with previously published literature to allow
direct comparison of actual flight data with previous results using synthetic data.
The outputs from the computer presented the following information:
A.
B.
C.

Compression ratios as a function of technique, channel number and type of data
for each of the activity periods.
Buffer input rates and accumulated queue lengths every 2.4 seconds for the ZFN
technique.
Error distribution, for each of the techniques for six different apertures.

The results indicate that the zero order - variable corridor - adjusted preceding sample
transmitted (ZVA) technique can provide data compression ratios of 187:1 using a 1.2%
tolerance. Nominal buffer sizes of 20K bits are adequate to handle the data activity
period involved. The error distribution evaluation indicates that the error distribution is
primarily a function of the technique and the aperture.
Introduction In recent years the rapid advances in spacecraft technology have
produced attendant increases in system and mission complexity and in mission duration.
This increase in system complexity has required that an increased number of
measurements be telemetered and the lengthening of the mission duration has required
that they be transmitted over greater distances as we explore farther and farther from
earth. As the missions become more expensive and more “one shot” affairs, it becomes
increasingly important that telemetered data be reliably received on the ground , It might

appear that the gains in technology (i.e., larger boosters) would allow proportionate
increases in communication systems size, weight, and power. However, these gains in
technology are often used to increase the mission complexity and duration, which require
even more measurements from even greater distances.
Spacecraft data acquisition systems today, have evolved as synchronous systems of
either time or frequency multiplexing. In this type of system, data rates for the individual
measurements are assigned as the product of the maximum frequency of interest and a
constant. This constant can be determined using one of the sampling theorems in use
today. Sometimes it’s 2 samples per cycle; sometimes 5 samples per cycle; sometimes
according to D. D. McRae’s interpolation tables;1 and sometimes by best engineering
estimates. Consequently, a correctly designed, fixed format system is only efficient when
the measurements are producing their maximum rate of change. Most of the time, the
measurements are quiescent, and the fixed format system yields poor information
efficiency.
Once the data rates are established for the various measurements, they can be summed
and will determine the channel rate capability required of the communications link. In
the past, channel rate was not a limiting factor, but the number of different data rates
were limited so that the airborne and/or ground equipment complexity could be reduced.
In order that the maximum frequency of interest was obtained, measurements frequently
were sampled at higher rates than the theoretical data rate. This introduces a small
amount of communications inefficiency, but this is insignificant when compared to that
resulting from the necessity to fix the sampling plan.
How then, can we improve the information efficiency of the communications link? The
answer, hopefully, is some form of data compression.
A.

Reduced Bandwidth and Power Requirements - The savings here are fairly
obvious, as shown by the range equation,2 the received power at the ground is
reduced by the square of the distance. Also, transmitters are not very efficient
power converters. To achieve the 2 watt output of the Gemini transmitters for
instance, required almost 20 watts of basic spacecraft power.

B.

Reduced Data Storage Requirements - The flight of Gemini 12 (94.5 hour mission)
produced 108 data tapes at the World Wide Tracking stations. In the Gemini midprogram Conference Report,3 it was noted that 250,000,000 data points were
transmitted from Gemini V (191 hour mission) on the delayed time system alone.
If this data were reduced, it would have required 1 million pages of tabulation or
750 thousand pages of plots; this in a year in which we launched six Gemini’s.
This overwhelming volume of data caused the NASA to adopt a policy of reducing
only the launch, re-entry, and flight segments of planned activity from each flight.

Any other segments of this flight were reduced on an “as required” basis.
Although data compression techniques were utilized in the processing of
telemetered data record on the ground, adoption of data compression techniques,
prior to transmission from the space vehicle would have reduced the storage
requirement by a factor equivalent to the achieved gross compression ratio.
C.

Reduced Data Handling and Analysis - The adoption of data compression
techniques will decrease the amount of demultiplexing and analysis required by
the user. This also decreases the time interval between data collection and
dissemination of information to other users. Methods of data compression such as
redundancy removal provide addressing and time correlation, thus completely
deleting some of the required functions in the normal demultiplexing operation.

Compressed PCM System Figure I is the basic block diagram for a compressed PCM
system (CPCM). The sensors convert physical phenomena into an electrical signal
proportional to the phenomena. Multiplexing is accomplished by sequential sampling of
the data sensors at the data rates determined by the frequency of interest and the selected
sampling theorem. The A/D Converter changes the analog representation of the physical
phenomena into a binary digital code which is presented to the Comparator for
comparison with previous data stored in the Predictor. The Predictor anticipates the
value of future data samples on the basis of selected previous sample values, and/or on
the basis of knowledge of the data characteristics. An aperture or tolerance band,
defining the allowable prediction error, will have been assigned previously by the data
user in accordance with his accuracy requirements. If the data sample being examined
falls within the same aperture or corridor as the predicted value, the sample is judged to
be redundant and is discarded. However, if the data sample falls outside the aperture, it is
retained and sent to the buffer for subsequent transmission over the RF link, and also
sent to the predictor to be used in predicting the next sample. The samples chosen by the
comparator for transmission will be sent to the buffer at an irregular rate. The role of the
buffer in the system is that of accepting and storing these aperiodic data samples, so that
they can be sent to the transmitter at a uniform. rate.
Redundancy Removal Algorithms What are effective redundancy removal
techniques? If you examine a number of different technical papers, you will find
different explanations of essentially the same processes each with different conclusions
and descriptions. One of the most thorough descriptions is given in a paper presented by
Dr. R. Simpson at the ITC in 19664, which presented descriptions of 8 different
redundancy removal processes and their associated interpolation methods. The various
redundancy removal algorithms are described using three descriptors. These are: the
order, the type corridor, and the particular transmitted sample. The order of an
algorithms denotes the order of the derivative -used to predict subsequent samples. The
corridor, which can be fixed or variable, refers to how the prediction of subsequent

samples is made. Finally, the transmitted sample determines what information is
transmitted when a non-redundant sample occurs. This can be the non-redundant sample,
the sample preceding the non-redundant sample or an adjusted value for the preceding
sample. Seven of these eight algorithms have been adopted as standards for this study.
These are:

The eighth method, First Order, Fixed Corridor, Non-Redundant Sample Transmitted
(FFN) was not used because the error using this method can approach plus or minus full
scale.
Compression Ratio Before discussing the compression ratios which have been
achieved, it should be emphasized that the term “data compression” differs from the tem
“gross compression”. “Data compression ratio” is defined as the number of samples into
the predictor (the multiplexer sample rate) over the number of non-redundant samples.
“Gross compression ratio” is the number of bits into the predictor, (the product of
multiplexer sample rate and word length) over the number of bits into the buffer (the
product of the non-redundant words and the word length the necessary bits for
addressing, time correlation, synchronization, and error correcting codes.) It is assumed
that the gross compression ratio will be approximately one-half the data compression
ratio.
The measurands from the Gemini XII parameter list were divided into four categories;
(1) 75 channels of bi-level or event data which was investigated on a “no aperture!’ basis
(i.e., each change of state is transmitted), (2) 31 channels of low rate data sampled at
.416 samples per second (sps), (3) 71 channels sampled at 1.25 sps, and (4) 10 channels
of high rate data O at 40 sps, 3 at 20 sps, and 4 at 10 sps). The low and medium rate data
was examined using three techniques. These were ZFN, ZVP, and ZVA. The ten high
rate channels were examined using all seven algorithms.
Since the flight of GT 12 was 94.5 hours long, it was necessary to find a method of
reducing the computer time without compromising the results significantly. The flight
has been examined to determine the activity periods, and a one to one and a half hour
segment was selected for each of seven periods. The results were then extrapolated to
cover the entire flight. Figure II shows the periods selected and the time over which the
results were extrapolated. For instance, the sleep period tape was almost one hour long

(3400 second) and the results were extrapolated to cover the 20 hours of actual sleep
periods.
The above extrapolations left almost 51% of the mission, which had not been accounted
for. It was then assumed that the 51% not accounted for, had about the same average
compression ratio as the 49% which was accounted for. Thus the following model was
constructed:

Where:
Subscripts:
CD = overall flight, data compression ratio
R1 = total samples examined for the period
denoted by the subscript.
N1 = non-redundant samples for the period
denoted by the subscript.

1 = Launch
2 = Rendezvous
3 = Standup EVA
4 = Umbilical EVA
5 = Tether
6 = Sleep
7 = Re-entry
8 = Unaccounted for periods

T1 = extrapolated time for the period denoted by
the subscript.
T = total flight time (340,200 seconds)
Table I shows the compression ratios for the various activity periods an the results of the
extrapolation. The superior noise eliminating properties of the ZVA technique are
apparent in the difference between the ± 1 and the ± 3 count aperture columns.
Buffer Queue Lengths In order to determine the buffer queue lengths in the Gemini
XII data, the number of non-redundant words for each 2.4 second interval were printed
as well as the accumulated totals for the ZFN technique. In addition to this data, time
histories and histograms were printed at the end of each run.
An examination of the time histories revealed that the largest data activity peak occurred
during the reentry period. From this data a set of models (Figure III) were constructed so
that queue length (q) could be determined by the peak input data rate (P), the buffer
readout rate (Ro) and the duration of the peak (T) or:
q = (P-Ro)T

If we assume an output word rate (Ro) of 50 words per second then for an aperture of +
.4% from Figure II we have:
q = (75-50)612
q = 15,300 words
And if we use 16 bit words (8 data bits plus 8 bits of correlation) a 244,800 bit
uncontrolled buffer would be required to prevent loss of data due to buffer overflow. If
we increase the aperture to 1.2% then:
q = (P-Ro)T
q = (52-50)612
q= 1224 words
Assuming 16 bit words, a 19,584 bit buffer will handle this data. Figure IV shows the
average input data rates for the flight periods examined. An examination of this chart
shows that an output rate of 50 words/second (800 bits/second) is much too high for
most of the flight. The difference between apertures of ± .4% and ± 1.2% during the
sleep period is due to the fact that the spacecraft is powered down and many channels are
noisy. Figure V describes the output bit rate versus queue length for the reentry model.
Error Distribution In order to determine the error distribution, ten channels of Gemini
data were examined for 81 seconds during the re-entry phase of the flight. A total of
17,600 samples were examined. Each channel was examined for redundancy using the
seven redundancy removal algorithms. Interpolation between the non-redundant points
was accomplished as required and all points were compared with the interpolated line to
determine the magnitude of the error. The total error band was divided into 40 ranges of
values and the errors falling in each range were tabulated. This was done for each
individual channel for apertures of 1, 2, 3, 4, 6, and 7 counts (full scale = 254 counts).
The results of the ten,channels were combined and the overall error distribution was
tabulated for each algorithm. The r.m.s. error was also determined and is shown in
Table II. Figure VI is a sample of the error distribution histograms for ZVA, FFA, and
FVA. These show the definitely bi-modal characteristics reported by Dr. R. Simpson5
Figure VII shows the error distribution for the other four techniques.
Conclusions Although the size of th sample examined is many times that which has
been previously reported,4,6,7 the results in general, complement the earlier work. Four
techniques have been adopted for future work. These are the ZFN, ZVA, FVP, and FVA.
The ZVP is discarded because the ZVA is superior in noise elimination and compression
ratio while the complexity is about the same. The FFA and FFP techniques are discarded
because of low compression ratios which is probably due to the propensity to oscillate
which has been previously reported.4

The examination of buffer queue lengths was probably the most revealing. Even
assuming an uncontrolled buffer, the buffer size is not prohibitive, while some form of
buffer control8 would reduce the size even further. The error distributions for the data
examined appear to differ from that reported in previous work,4,5 but the use of rms error
and the assumption of normal distribution appears to be practical since the difference in
rms errors for the various techniques are small.
Future Work Future effort will be expended on implementation, addressing and time
correlation to optimize the overall system design. Investigations are also being initiated
to examine the feasibility of transmission of airplane flight test data via common
telephone carrier from the remote test facilities to a centralized data collection facility. In
addition, it is hoped that a redundancy removal system can be placed on an orbiting
spacecraft as an experiment or as backup to the primary telemetry system. This would be
primarily to develop user confidence and gain operational experience in the handling of
compressed data.
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