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AUTOMATED GENERATION OF TELEMETRY FORMATS

Charles H. Jones, Ph.D. and Lee S. Gardner, M.S.
412th TW/TSRC

Edwards AFB, CA 93524

ABSTRACT

The process of generating a telemetry format is currently more of an ad-hoc art than a
science. Telemetry stream formats conform to traditions that seem to be obsolete given
today’s computing power. Most format designers would have difficulty explaining why
they use the development heuristics they use and even more difficulty explaining why the
heuristics work. The formats produced by these heuristics tend to be inefficient in the
sense that bandwidth is wasted. This paper makes an important step in establishing a
theory on which to base telemetry format construction. In particular it describes an
O n n( log )  algorithm for automatically generating telemetry formats. The algorithm also has
the potential of efficiently filling a telemetry stream without wasting bits.
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INTRODUCTION

Telemetry format design, sometimes referred to as Data Cycle Map (DCM) generation, is
the process of taking a set of parameters with given sample rates and given word sizes and
fitting them into a fixed length string of bits called a frame. Mathematically this is
equivalent to tiling the integers modulo the frame length with specialized tiles. This
connection will be discussed later. Ideally, a telemetry format design, or a DCM meets the
following (*) criterion:

(*)  Every data sample of every parameter (measurement on the test article) is
transmitted at the time that it is sampled.

By “at the time it is sampled” we mean after it has been sampled and sent along whatever
wires it needs to go along before it is available to the data transmission system. Since
during most telemetry applications only one bit stream is transmitted, the (*) criterion
implies that no two samples are sampled at the same time and that the transmission rate is



sufficient to send all bits of all samples within the telemetry frame. If we are to be very
precise, (*) also requires that the sample and transmission clocks be synchronized. Also
note that if (*) can be satisfied, which includes sending every parameter, then there can be
no wasted bits. Bits in the telemetry stream that do not represent data are place-holders to
ensure that (*) is satisfied and synchronization is maintained.

One of the major traditions involved in designing a format is the use of fixed length words
and fixed length minor frames. Why does this fixation on fixed lengths exist? The use of
fixed length frames is due to the basic construct of repeated data. That is, within every
time period you expect to receive a given set of data. Even though there is an increasing
use of randomly sent telemetry data (e.g. MIL-STD 1553 messages), this seems like a
reasonable use of the fixed length concept if for no other reason than that it makes the
problem finite. The use of fixed length minor frames (most notably in PCM matrixes)
seems to be mostly a left over from an attempt to simplify the organization of a telemetry
stream. One redeeming factor of minor frames is synchronization. However, this is really a
confidence factor and minor frame synchs do not need to arrive at fixed intervals. The use
of fixed length words is most likely a result of computer byte and word lengths and the use
of such may have made sense in the days of slower computers. However, ultimately the
use of fixed length words is just a blocking method for counting bits. Considering that
telemetry transmission rates do not come close to contemporary CPU speeds, the reason
for using fixed length words becomes less clear.

One of the main heuristics used in the designing of formats is the power-of-two rule. That
is, make every transmission rate a power of 2, e.g. 2, 4, 8, 16, etc. For example, if a
parameter is actually sampled at 5 samples a second, it would be transmitted at 8 samples
a second. This results in replicating the previous value of the parameter. This heuristic
clearly violates (*), our objective. We will see later, in the section on Telemetry Trees,
why this rule has evolved.

Both the tradition of fixed lengths and the power-of-two rule waste space. The normal way
of fitting a parameter of a length other than the fixed word length is to blank fill to the end
of the word. Thus, a 12 bit sample in an 8 bit format wastes 4 bits. The power-of-two rule
wastes space simply by sending parameters more often then they are sampled. The
Telemetry Tiling algorithm presented in this paper disregards these traditions and
heuristics and simply concentrates on meeting (*).



TELEMETRY TREES

Telemetry Trees are what provide the low complexity of the Telemetry Tiling algorithm.
Telemetry Trees are defined and then related to telemetry formats. A Telemetry Tree is a
tree that has nodes labeled with integers and meets the following criteria:

1.  Each sibling of a parent node has the same label.
2.  The sum of the labels of siblings equals the label of the parent.

If the top node of a Telemetry Tree is labeled M then we say that the Telemetry Tree is of
order M .
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A Telemetry Tree of Order 30

The labels of a Telemetry Tree correspond to parameter sample rates. The following
algorithm describes how to generate a Telemetry Tree sample set (or simply sample set), a
set of sample rates which will correspond to a set of parameters.

Telemetry Tree Sample Set Algorithm

1.  Select (circle) a node N which has not been crossed out or circled.
2.  Cross out all descendants and ancestors of N .
3.  Repeat Steps 1 and 2 until all nodes have been circled or crossed out.
4.  The set of circled nodes is a Telemetry Tree sample set.

We give an example using the above Telemetry Tree of order 30.
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Circle the left most 6. Cross out the descendants - the two 3’s. Cross out the ancestors -
the 30. Select the first 3 under the second 6. Cross out the 6. Select the third 6. Cross out
its three descendants. Select the sibling 2’s under the fourth 6. Cross out the fourth 6.



Select the last 6. Now circle the second 3 under the second 6. This gives a sample set of
{2,2,2,3,3,6,6,6}. Another example would be to select the 30 in which case all other nodes
(all of which are descendants) would be crossed out and you would be done.

We now show how a sample set relates to a telemetry format. In doing so we will assume
that all parameters have the same word size. This allows us to state the format design
problem in terms of tiling the integers where each sample of each parameter is represented
by an integer. This is analogous to parameter samples being sent at a specific time. A
telemetry frame of order M is the set of integers { ,..., }0 1m − . A telemetry tile is a set of
integers of the form t = { , , ,..., }s s k s k s nk+ + +2  where s , k , and n  are integers. A
telemetry tiling, T, of a telemetry frame F  is a set of telemetry tiles such that no two
elements of any two tiles are the same integer. Further, all integers of, and only those
integers of, F are covered by elements of the tiles. Formally, T = ={ } ,...,ti i j1  such that
t t i ki kI = ∅ ≠, and F ti

i j

=
=1,...,
U  where each ti  is a telemetry tile. A telemetry tile represents a

parameter and the elements of a telemetry tile correspond to the samples of a parameter. A
telemetry tiling thus represents a telemetry format for a completely filled telemetry frame.

In the following algorithm it is assumed that both the Telemetry Tree and the telemetry
frame are of order M . We will say that a node labeled n consists of n samples.

Telemetry Tree-Telemetry Stream Association Algorithm

1.  Associate the M samples of the top node of the tree with the M integers of the
frame.

2.  Recursively associate samples of children nodes. The first sample of the first
child is associated with the first sample of the parent. The first sample of the
second child is associated with the second sample of the parent. Continue this
way for all first samples of the children. Now start associating the second
samples of each child. Thus, if there are n children then the second sample of the
ith child is associated with the n ith+ sample of the parent. Continue with the other
samples of the children so that, in general, the k th sample of the ith child is
associated with the kn ith+ sample of the parent.

Using the above Telemetry Tree of order 30 this algorithm associates the six samples of
the first 6 with the tile {0, 5, 10, 15, 20, 25}. The second 6 (crossed out) is associated with
the tile {1, 6, 11, 16, 21, 26}; by recursion, its first 3-child gets the tile {1, 11, 21} and its
second 3-child gets {6, 16, 26}. The third 6 gets {2, 7, 12, 17, 22, 27}. The fourth 6
(crossed out) gets {3, 8, 13, 18, 23, 28}; recursively its 2-children get, respectively, {3,
18}, {8, 23}, and {13, 28}. The fifth 6 gets {4, 9, 14, 19, 24, and 29}.
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{0,5,10,15,20,25}

{1,11,21} {6,16,26}

{2,7,12,17,22,27}

{3,18}  {8,23}  {13,28}

{4,9,14,19,24,29}

Using this algorithm, a Telemetry Tree sample set corresponds to a telemetry tiling. By
crossing out the ancestors and descendants, the Telemetry Tree Sample Set Algorithm
guarantees that no two samples occur at the same time. The tiling is complete, satisfying
(*). This is guaranteed by the fact that the algorithm continues until all nodes are circled or
crossed out.

Not every telemetry tiling is also a Telemetry Tree sample set.i It can be shown, however,
that for all primes p , every tiling for telemetry frames of order M = pn  is a Telemetry Tree
Sample Set. Further, it can be shown that there is only one maximal Telemetry Treeii of
order pn . In general, the number of maximal Telemetry Trees of order M, where M pn≠ for
some prime p, appears to grow exponentially. This explains the rationale behind the
development of the power-of-two heuristic. By making everything a power of 2 the
number of Telemetry Trees to search is exponentially decreased and all possible telemetry
tilings can be manageably generated.

THE TELEMETRY TILING ALGORITHM

We have now laid the foundation for the automatic telemetry format generation algorithm.
Recall that the objective is to take a given set of parameters and map them into a telemetry
frame.

Inputs:

1.  An ordered set of parameters P ={ } ,...,pi i n=1 .
2.  The associated sample rates S={ } ,...,si i n=1 in samples per frame.
3.  The associated word sizes W ={ } ,...,wi i n=1 for each parameter, i.e. the number of bits

needed to transmit a sample of the parameter.
4.  The frame size f , i.e. the number of bits per frame.



Outputs:

1.  A telemetry frame map, or DCM, i.e. when each sample of each parameter will
be sent.

2.  When to actually sample each parameter.

The Algorithm:

We provide the algorithm in outline and then discuss each step in detail.

1.  Find a Telemetry tree which can include all the sample rates (this does not have
to be minimal).

2.  Use the Telemetry Tree-Telemetry Stream Association Algorithm to establish
positions for each sample of each parameter in a telemetry frame of the
associated order.

3.  If the frame size f is greater than or equal to the order of the Telemetry Tree
times the largest word size then expand the samples to their word size, time
merge the frames and stop; otherwise continue.

4.  Collapse the sample positions by removing unused slots.
5.  Expand the samples to their word sizes.
6.  Calculate the actual starting bit positions for each sample. If necessary, resort the

ordering of the sample positions based on these starting positions.
7.  Fit the samples into the actual frame by adding bits where a sample is being sent

before it is sampled.

Step 1.  Find a Telemetry tree which can include all the sample rates. This is not difficult.
Find a common multiple of the sample rates. Use this as the label on the second level of a
Telemetry Tree. Make enough copies of this node to accommodate all the sample rates.
For example, assume you have one hundred 7’s, two 6’s, and fourteen 2’s as sample rates.
A common multiple is 210. You need four second level nodes to accommodate the 7’s and
one second level node each for the 6’s and the 2’s. This gives you a Telemetry Tree of
order 1860. Note that this is only one method for finding such a Telemetry Tree.iii

Step 2.  Use the Telemetry Tree-Telemetry Stream Association Algorithm to establish
positions for each sample of each parameter in a telemetry frame of the associated order.
This can be reduced to a simple equation for each sampleiv

Step 3.  If the frame size f is greater than or equal to the order of the Telemetry Tree M
times the largest word size Max(W) then, instead of considering samples as single integers,
expand the samples to their word size, time merge the frames and stop; otherwise



continue. This step says that if you have a fast enough transmission rate then the (*)
criterion can be satisfied; otherwise a compromise is needed.

Step 4.  Collapse the sample positions by removing unused slots. This says that we now
throw away the Telemetry Tree and simply use the position calculations to establish an
ordering on the samples.

Step 5.  Expand the samples to their word sizes. We are now ready to go from the
theoretical restriction of a fixed word size used by the Telemetry Tree to the reality of
mixed word sizes. That is, expand the positions from a position per sample to include the
actual bits involved.

Step 6.  Calculate the actual starting bit positions for each sample. If necessary, resort the
ordering of the sample positions based on these starting positions. The first sample of each
parameter now has a well defined start time. Use this and the sample rates of the
parameters to determine the time each sample will actually be made. Interestingly, it is
possible that the theoretical ordering of the samples does not correspond to the actual
ordering after the positions are collapsed. Thus it may be necessary to resort the positions
at this point. (This is illustrated in the example below).

Step 7.  Fit the samples into the actual frame by adding bits where a sample is being sent
before it is sampled. This just finalizes everything to make sure we have something to send
when we want to send it.

An Example

Let the parameters be P = {p1, p2, p3}, the sample rates be S = {5, 3, 2} in samples per
frame (spf), and the word sizes be W = {3, 4, 5}. Step 1: A common multiple is 30. Thus
the Telemetry Tree is of order 90 and has three second level nodes labeled 30. Step 2: The
association algorithm puts the samples of p1 at positions 0, 18, 36, 54, and 72; the samples
of p2 at positions 1, 31, and 62; and the samples of p3 at positions 2 and 47. Step 3: If
f = =90 5 450*  then we can expand all slots to 5 bits and terminate the algorithm. This

provides a sparse telemetry stream but satisfies the (*) criterion. Step 4: Assume
f = 45 spf. Collapsing the positions gives us an ordering of p p p p p p p p p p1 2 3 1 2 1 3 1 2 1 . Step 5:

Expanding the bits gives a 37 bit pattern with the starting bit for each sample in the
ordering {0, 3, 7, 12, 15, 19, 21, 26, 29, 33}. Step 6: The first sample of p1 is made at time
0 and the samples need to be spaced at every 9 bits (1/5 of a frame). Similarly, p2 starts at
bit 3 and needs to be spaced every 15 bits and p3 starts at bit 7 and needs to be spaced
every 22 ½ bits. Thus, the actual starting bit positions for the samples are {0, 3, 7, 9, 18,
18, 30, 27, 33, 36}. Note that two of the samples (the 30 and 27) are now out of order.



Switching these gives an ordering of p p p p p p p p p p1 2 3 1 2 1 1 3 2 1 . Step 7: Adding bits where
needed we get the final bit positions of {0, 3, 7, 12, (3 bits not used), 18, 22, (2 bits not
used), 27, 30, 35, 39, (3 bits not used)}.

Consider that five out of ten samples are sent when they are sampled and, in the worst
case, a sample is sent 3 bits late.v Further, using the power-of-two rule and the fixed word
size heuristics the frame length would have been 120 bits (8 minor frames [rows] to
accommodate the 5 spf parameter, 3 words [columns] per minor frame, 15 bits per minor
frame). Everything would have been sent on time, but the bandwidth required was more
than doubled.

Comments

Perhaps the most significant aspect of this algorithm is that, given enough bandwidth, the
(*) criterion can be met. However, given the unlikelihood of having the required
transmission rates, the Telemetry-Tiling Algorithm still achieves the highly desirable goal
of wasting no bits. That is, the only bits not used are those required while waiting for a
sample to send.

The other significant aspect of this algorithm is that it is fast. The Telemetry Tree allows
the position calculations to be done in O n( )  as shown in Step 2. Otherwise the processes
are mostly simple sequential (or in the case of Step 7, cosequential) passes through a list.
Thus, the hardest computation throughout is sorting, an operation known to be O n n( log ) .

SOME REAL WORLD CONSIDERATIONS

Frame Synchronization Words:  Frame and subframe synchronization words are essentially
a confidence factor (although one is needed to start everything). An ideal telemetry system
(at both ends) would only need to establish initial synchronization and count bits
thereafter. Since this is never the case, frame and subframe synchronization words and
counters establish confidence that synchronization can be maintained and regained quickly
if lost. These synchronization words may be treated as all other parameters, with their
sample rates expressing confidence in the telemetry systemvi and maximal signal loss
requirements.

Randomly Transmitted Messages:  The algorithm is based on parameters being sampled at
regular time intervals. Bus messages such as MIL-STD-1553 do not fall into this category
but are often telemetered. The algorithm can deal with these types of parameters in much
the same way other telemetry mapping designs deal with them. That is, establish a
parameter with a fast enough sample rate to accommodate the messages. If some of the
samples transmitted for this parameter are empty, the cost is wasted bits.



Large Data Packets:  Sometimes parameters are sampled repeatedly and stored in a buffer
before transmission. That is, many samples may be sent at one time. This can cause large
delay times for samples of parameters transmitted immediately after such a parameter. It is
often not acceptable for certain parameters (e.g. in regards to safety) to be delayed this
way. If this happens, breaking the guilty parameter up into several parameters in the
algorithm is an alternative approach.

Fixed Word Sizes:  If it is necessary to treat everything with fixed word sizes, the
algorithm can still be used by simply fitting everything into the maximum word length or
by splitting parameters into 2 or more parameters. This alternative does, of course, waste
bits.

Weird Sample Rates:  If test or other requirements drive unusual sample rates, especially
rates that are prime numbers, the order of the Telemetry Tree and the size of the resulting
telemetry frame will be unduly influenced. This might be grounds to violate the (*)
criterion and modify the sample rate.

CONCLUSIONS

We have shown that it is possible to design telemetry mappings with no wasted bits. We
have also demonstrated an algorithm for sending samples when they are sampled,
satisfying the (*) criterion. However, since satisfying the (*) criterion could take very large
transmission rates, we must sometimes be satisfied with mappings which minimize delay
time. The Telemetry Tiling Algorithm shows promise for doing so. Further research into
optimal forms of the algorithm is needed. Finally, we have illustrated that there are
algorithms which can intrinsically define telemetry mappings. That is, given a specific set
of inputs, a unique mapping can be generated by anyone who has the inputs and the
algorithm. This eliminates all manual effort in generating and all overhead in propagating
the mappings.

Given that algorithms exist for automating telemetry format generation, the question is now
whether or not the telemetering community can overcome the inertia for existing heuristics
like fixed word lengths and the power-of-two rule. Will telemetry frame design succumb to
the QWERTY keyboard syndrome? The modern keyboard was designed explicitly to slow
down the user to accommodate the mechanical technology in the late 1800’s and the cost
in both hardware and training to change this is prohibitive. Almost all telemetry encoders
and decoders are entrenched in the fixed word length scenario. Can the telemetry
community take the drastic step necessary to say that significant increases in the efficiency
of telemetry mappings outweigh the cost of hardware conversion?



                                                  
i Dr. Jones has generated Jones Trees of various orders via computer to discover this fact.
It would be useful to find a characterization of all telemetry tilings.
ii A maximal Jones Tree has a maximal number of nodes and every node has a maximal
label.
iii The authors are continuing to explore methods for finding the ‘minimum’ Jones Tree to
accomplish this task.
iv A little algebra reduces this nicely. Let M be the order of the tree. Thus, M is the number
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v This lends itself to establishing metrics on a telemetry mapping. Specifically, the mean
and standard deviation of how many bits late samples are sent and the overall bit rate
required to send all samples of all parameters would be useful metrics.
vi This also represents confidence that the test maneuver, atmospheric, and other typically
uncontrollable factors will not impair telemetry reception.
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