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1. Introduction

Normal requirement for telemetry data compression algorithms is an ability to recover ini-
tial data “as is” without loss of information. This feature is very important in various telemetry
processing applications. Precise recovery of the telemetry data as it is acquired from the original
source of information is necessary for the analysis of any kind of abnormal events, recovery of
bad sites within the telemetry data stream and for other types of post- or real-time data pro-
cessing [1,2]. The effectiveness of methods of lossless compression is largely determined by the
properties of the data under compression [3]. Compression algorithms show better compression
ratios if they can adapt to the characteristics of the input data, which are in most cases rapidly
change. In this paper we present the results of studies conducted to develop an efficient method
of reversible telemetry data compression based on adaptive linear prediction of telemetry data
packed according to IRIG-106 format. IRIG-106 is an open standard, developed specifically for
aerospace industry, but now used in wide range of telemetry registration applications [4]. Data is
packed to frames of fixed length and predefined internal structure. Frame can carry different
sources of information: digitized samples of analog signals, as well as pure digital data. For each
source a channel of the recording system is provided. The source sample in each channel is in-
troduced by telemetry word. All words in the frame have the same bit width. Telemetry frame
contains additional service information in purpose of detecting bit errors, frame synchronization,
etc.

Lossless data compression algorithm can be divided into two stages; the first stage -
decorrelation stage, which exploits the redundancy between the neighboring samples in the data
sequence, the second stage - entropy coding, which takes advantage from decreasing variance
and lowering entropy of the data made on the first stage [5,6,7].
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Normally, linear prediction is used for decorrelation stage, i.e. forthcoming data samples
can be predicted based on known values of previous data samples, as shown by equation (1).

2o =YF_ja % x 1)
Where x; - the expected value of the current discrete data sample x; and
a={ay, a, ... ... ,ap} is the estimated values of the coefficients of the finite impulse response

(FIR) filter of order p. At each step i prediction error is calculated by (2).
e; = x; — Round (%;) (2)

Where Round ( —) is the rounding function which produces the nearest integer value to its
non-integer input. Filter coefficients are used by the decoder to reconstruct original data samples
from the sequence of prediction errors. These filter coefficients are calculated by minimizing the
sum of squares of prediction errors and if they are chosen properly, the entropy of e; should be
less than that of x; .

Efficiency of the decorrelation algorithm can be referenced by two parameters: filter gain,
which is relation between variance of the source data with respect to variance of the prediction
error signal o2 /a2 , or the entropy (which is the smallest average number of bits needed to rep-
resent the source output) of the prediction error signal. In practice, efficiency of the algorithm for
estimating the entropy is easier to use, since this parameter does not depend on the shape of the
source signal [5].

To adapt to changing of non-stationary signals , lossless data systems work on fragmenting
data samples into blocks and hence, finding process of these cooeffients becomes increasingly
computational expensive with large data block size. So, adaptive FIR filters have been proposed
and used successfully for solving such matter [8,9,10].

2. NLMS adaptive filters

An adaptive filter has the property of self-modifying its frequency response to change the
behavior in time, allowing the filter to adapt to the characteristics change of the input signal
[11,12]. Due to this capability, the overall performance and the construction flexibility, the adap-
tive filters have been employed in many different applications like linear prediction. Adaptive
filter encompass many different classic stochastic gradient algorithms [13].
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Figure (1). Linear prediction layout using adaptive filter.
One common method is the Normalized Least Mean Square (NLMS) algorithm which is
suitable for both stationary as well as non-stationary environment and provides a tradeoff be-
tween convergence speed and computational complexity [14]. In the case of an NLMS adaptive
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FIR filter of prediction order(p)and the set of prediction coefficients a(n)=
{a,(n),a,(n), ... ... ,a,(n)} is a set of variables varying with time (n). The error of the predic-
tion e(n) of for each sample x(n) is calculated by the expression:

e(n) = x(n) — round[a” (n) = IX(n)] (3)

Where a(n) = [a;(n) a,(n) ... ...... a,(n)] TIX(n) = [x(n—1D)x(n—2) ....... x(n—
p)]l T and [—]" is the transpose operator.
The set of cooeffients a(n) computed iteratively as follows:

a(n+1) =an) +un) xe(n) xIX(n) 4)
un) = s ©)
op() =B *of(n—1)+(1-p)*e(n—1)° (6)

Where, U - the convergence parameter, 8 - the smoothing parameter (0 < 8 <1) and o3 -
the input power estimation. For lossless recovery of data samples, original values of U, S,
a(0) and 1X(0) are added within the compressed data sequence [8,9,10]. In case of adaptive fil-
tering, it is not necessary to fragment data into blocks as it is the case of linear prediction meth-
od.

3. Preparing experimental data

Digitized data samples of analog signals, which represent typical telemetry parameters of
automatic control system, such as temperature, pressure and positioning information, are ob-
tained in the laboratory. These data then switched into different telemetry frame structures that
conform to IRIG-106 standard. The telemetry stream itself is made by the telemetry simulation
software described in [15]. But all telemetry parameters are acquired from physical real sources.

Figure (2) shows a timed portion of the acquired data samples and figure (3) shows the his-
togram of the values of all examined data samples. This graph shows that the values are distrib-
uted over the entire range with several peaks.
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Figure (2). A sample of the acquired data samples.
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Figure (3). Distribution histogram of values of data words in a stream of telemetry data.

Figures (4) and (5) depict two different types of telemetry frame structures that were used
in the experiments (data word length for each of them equals to 8 bits long). The first type of ex-
amined frame structure (Type-A) — is a telemetry frame structure that consists of nine channels
which are connected to the sources of information arranged in one minor frame (major telemetry
frame does not contain sub-frame which means one stage of commutation). This frame further
also includes additional information that provides frame synchronization in the telemetry stream.

SYMC_F | Data Word: 1| Data Word: 2| Data Word: 3| Data Word: 4 | Data Word: 5| Data Word: 6| Data Word: 7 | Data Word: 8 | Data Word: 9

Figure (4). Telemetry frame structure without sub-frames (one stage multiplexing), Type-A.

The second type of examined frame structure, Type-B — is a telemetry frame structure that
contains a sub-frame, resulting from a two-stage switching circuit. Figure (5) shows a four serial
data frame IRIG-106 in which the major frame contains one sub-frame of length four and this
sub-frame is attached to the fourth data word. In that fourth channel of the main multiplexer,
values are passed to the second multiplexing level. Thus, a complete cycle that reads a complete
set of telemetry parameters takes four frames of main multiplexer. During this cycle the main
multiplexer channels are sampled four times.

SYMNC_F SYMC_SFL | Data Word: 1 | Data Word: 2 | Data Word: 3 | Data Word: 4 | Data Word: 5 | Data Word: 6

syuci6 |c1  |Sensor1 |Sensor2 |Semsor3 |Sensor5 |Sensora |Semsor7
SYNC16 Sensor3 |[Sensor6 [Sensord |[Sensor?7
syncie |caz  |Senserii|Sensena | Sensons Sensor 7
SYNC16 Sensor 3| Sensor9_JSensord | Sensor7

Figure (5) . Telemetry frame structure with a sub-frame (two stage multiplexing), Type-B.

For both types of telemetry frame, experiments involve analysis and comparison of imple-
menting a single non-adaptive FIR filter for different block sizes and adaptive NLMS filtering
with initially zero coefficients. Decorrelation stage performed by adaptive NLMS filtering is im-
plemented through two different strategies. First decorrelation method (Strategy-1) — is by im-
plementing a single linear prediction for the raw stream of the telemetry data and the second
decorrelation method (Strategy-2) proposed in this paper, is by implementing a separate linear
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prediction for each data channel based on the structure of the telemetry frame. Compression ra-
tio is used as criterion for assessing the compression algorithm. This parameter is computed as
the ratio of the incoming data size to the size of data at the output of the compression system.

Figure (6) shows results of experiments with the single non-adaptive FIR used for linear
prediction in conjunction with different entropy coders (Huffman coding [16], Arithmetic coding
[17,18,19,20,21] and Rice coding [22]) for Type-A and Type-B telemetry frame structures with
respect to data block size.
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Figure (6). Compression performance of linear prediction and different entropy coders with respect to data block
size. a) Type-A telemetry frame structure using FIR filter of order (9), b) Type-B telemetry frame structure using
FIR filter of order (24).
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4. Implementing single NLMS FIR filter for the serial data stream(Strategy-1)

Table (1) shows results of applying a single NLMS adaptive FIR on both types of teleme-
try frame structures (Type-A ,Type-B) and selecting the best value for smoothing parameter U
which leads to best results of filter gain o2 /o2 and the entropy of the prediction error signal.

Single NLMS FIR filter of order (9).

Decorrelation (variance of data samples o3 = 6085,7736 , entropy of data samples = 7,4595)
U 0.001 0.01 0.1 0.2 0.3
Filter Gain o /a7 3.6135 11.8452 42.9828 50.9835 44.9741
Entropy of prediction errors| ¢ o5, 4.3352 3.6536 3.7631 4.2909
a)
b)
Single NLMS FIR filter of order (24).
Decorrelation (variance of data samples 62 = 5967,1569 , entropy of data samples = 7,2611)
U 0.001 0.01 0.1 0.3 0.9
Filter Gain o;//o¢ 28751 6.7916 18.3531 220918 19.0140
Entropy of prediction errors| ¢ g, 5.4030 4.6006 4.6758 5.0757

Table (1). Performance of single NLMS FIR of order (9). a) Type-A telemetry frame structure, b) Type-B telemetry
frame structure.

The best value of U is; for Type-A telemetry frame structure: U = (0.1) and for Type-B te-
lemetry frame structure U = (0.3).

Table (2) shows results of the complete two stage lossless compression algorithm that uses
adaptive NLMS FIR filter (with initially zero coefficients) combined with different entropy cod-
ers for both types of telemetry frame structures. Adaptive NLMS filter produces very close re-
sults of compression ratio in comparison with that produced by the non-adaptive FIR filter with
no need for data fragmenting.

First stage Non-adaptive FIR filter of order (9) Asingle NLM_S FIR fllter of order
g and data block size= (6144) ©) (u=01,4=09)
Second stage Huffman Arithmetic. Rice Huffman | Arithmetic. Rice
Compression ratio 2,47 2, 2 1,9415
19 4405 ,0008 2,2239 2,2107
a)
Non-adaptive FIR filter of order (24) A single NLMS FIR filter of order
First stage and data block size= (8192) (24) (U=0.3, B=0.9)
Second stage Huffman Arithmetic. Rice Huffman Arithmetic. Rice
Compression ratio 1,7 1, 1 1,6313
872 7802 ,6946 16872 16919
b)

Table (2). Compression performance of a single NLMS FIR filter and different entropy coders. a) Type-A telemetry
frame structure, b) Type-B telemetry frame structure.
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5.Implementing separate NLMS FIR filter for each data channel(Strategy-2)

Table (3) shows results of implementing a separate NLMS adaptive FIR filter on each data
channel (nine data channels) for both types of telemetry frame structures and selecting the best
value for smoothing parameter U for initially zero cooeffients.

Decorrelation

Nine separate NLMS FIR filters, each of order (9) for each data channel
(variance of data samples 62 = 6085,7736 , entropy of data samples =

7,4595)
U 0.01 0.1 0.2 0.4 05 0.9
H H 2 2
Filter Gain o /0, 8.7294 32,0928 | 41.6631 | 48.9751 | 495996 | 42.5778
Entropy of predictionerrors | 5 g/ 20520 | 28228 | 28203 | 2.8545 | 30519

2)

Decorrelation

Nine separate NLMS FIR filters, each of order (9) for each data channel
= 5967,1569, entropy of data samples =

(variance of data samples 62

7,2611)
U 0.01 0.1 02 04 05 0.9
H H 2 2
Filter Gain o5 /o 7.3237 243165 | 30.1311 | 33.4632 |33.5121| 28.5575
Entropy of prediction errors 42792 3.4387 | 3.2682 | 3.2284 | 3.2641 | 3.4413
b)

Table (3). Performance of nine separate NLMS FIR filters each of order (9). a) Type-A telemetry frame structure, b)
Type-B telemetry frame structure.

The best value of U is; for Type-A telemetry frame structure U = (0.4) and for Type-B te-
lemetry frame structure: U = (0.4).

Table (4) shows results of the complete two stage lossless compression that implements
single adaptive NLMS FIR filter or separate adaptive NLMS FIR filter for each data channel,
with different entropy coders for both types of telemetry frame structures.

Nine separate NLMS FIR filters each of or-

Single NLMS FIR filter of order (9)

First stage der (9) for each data channel (U =04, B = (U=0.1,B=0.9)
0.9)
Second stage Huffman Arithmetic. Rice Huffman | Arithmetic. Rice
Compression ratio 2,818 2,8039 21233 22239 | 202107 | 19415
a)

Nine separate NLMS FIR filters each of or-

Single NLMS FIR filter of order

First stage der (9) for each data channel (U =04, B= (24)
(U=0.3, p=0.9)
0.9)
Second stage Huffman Arithmetic. Rice Huffman | Arithmetic. Rice
. . 1,6313
Compression ratio 2,5472 2,4799 1,9571 1,6872 1,6919
b)

Table (4). Compression performance of nine separate NLMS FIR filters; one for each data channel; and different
entropy coders. a) Type-A telemetry frame structure, b) Type-B telemetry frame structure.
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Conclusion and work outcome

Experiments under real telemetry data, provides numerical results that allow drawing con-
clusions about the effectiveness of the proposed methods and developing recommendations for
lossless compression of telemetry information. Analysis of the experimentally acquired results
leads to the following main results:

-- Compression ratios retrieved from experiments with NLMS FIR filter are very close to
that of non-adaptive FIR filter, while NLMS FIR filter shows slightly better results than non-
adaptive filter for telemetry data.

-- NLMS FIR filter allows improving performance for (Strategy-1), i.e. when telemetry
channels are demultiplexed before applying prediction filters. These experiments shows entropy
value is about 1.5 times lower at the predictor output in experiments with adaptive algorithm.

-- Huffman method almost in all the experiments shows better compression ratio in com-
parison with Arithmetic and Rice codes.

-- As expected, results are slightly worse for more complex structure of Type-B frame.

Results enlisted, depict an advantage of the approach to lossless telemetry data
compression based on adaptive NLMS FIR filter prediction applied at decorrelation stage. The
combination of adaptive linear prediction with Huffman source coding is proved to be an
effective method for lossless telemetry data compression and is recommended as core algorithm
for lossless telemetry compression system. Frame structures with one and two multiplexing
levels are examined, which illustrate advantage of the proposed approach for different data
packing formats.
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D PeKTUBHOCTE OOPAaTUMBIX AJITOPUTMOB CXKATHS BO MHOTOM OIpPEIEISIeTCS TEeM, Ha-
CKOJIbKO TOYHO IMoj00paHa MOENb MPeACKa3bIBaIONIasl MOBEACHHE 00padaThIBAeMbIX JaHHBIX.
XapakTepHOil 0COOEHHOCTHIO TENeMeTpHUYecKor HHGPOpMAIUU SBISETCS OBICTPOE HW3MEHEHHE
CTaTHUCTUYECKUX CBOIMCTB KOHTPOJIUPYEMBIX MMapaMeTPOB MPHU MEPEKIIOYCHUH PEKUMOB pabOThHI
00BEKTa UM BO3HUKHOBEHHUS aBApUHHBIX CUTyalMid. B 3THX yCIOBUSAX MPUMEHEHHE a/IallTHB-
HBIX METOJIOB CXKAaTHsl TTO3BOJIAET CYIIECTBEHHO YIYUYIIUTh XapaKTEPUCTUKH CUCTEMBI CKAaThA 32
CYeT TIOBBIIICHUS TOYHOCTH TpEJCKa3aHus. B craThe MpUBEIEHBI Pe3yIbTaThl MCCIEIOBAHUN
MeTOoAa 00pPaTUMOTO CXKATHs TEIEMETPUIECKON WH(POpPMAIMKA TOCTPOSHHOTO HAa OCHOBE ajan-
THBHOTO JITOPUTMA JIMHCWHOTO TPEJCKAa3aHMs Ha dTare ACKOPPeNaInd JaHHBIX. [IpuBoasITCS
pe3yIabTaThl UCCIIEAOBAHUH A(P(HEKTUBHOCTH JEKOPPEISATOPA, HCIONB3YIOIIET0 METOI HOpMAaJTU-
30BaHHOTO HAMMEHBIIIETO CPEIHEKBAPATUIECKOTO OTKIOHEHUS U HKCIIEPUMEHTAIbHOE CpaBHe-
HUE HECKOJIbKUX cTpaTeruit nexkoppensuun. Onpenenenue 3¢HeKTUBHOCTH pabOTHl aIrOpUTMOB
Ha 3TOM IMPOMEXKYTOYHOM 3Tare IEKOPPESIUN MPOU3BOJUTCS HA OCHOBE IKCIEPHUMEHTAIBHO
MOJIYYEHHBIX 3HAYEHHUH NUCIEPCUM U SHTPOMHUH OMIMOOK Mpelcka3aHus. B skcmepuMeHTax uc-
TTOJIB30BAITUCH XaPAKTEPHBIC ISl CHCTEM TEJICU3MEPSHUH MCTOYHUKH JaHHBIX: TTapaMeTPhl CHC-
TEM aBTOMATHYECKOTO YIPABJICHUS, 3aIMCAHHBIC B JJAOOPATOPHBIX YCIOBUSAX, TAKHE KaK TEMIIe-
paTypa, TaBJICHHE W JaHHBIC TTO3UIIMOHUPOBAHUS. JTH JaHHBIE POPMHUPYIOT TIOTOK TEIIEMETPH-
4ecKkoil mHpopManuu B cooTBeTcTBUHU co ctaHaaproM IRIG-106, KoTopslii IMPOKO UCTIOIB3yeT-
Csl B a9PO-KOCMUYECKON MPOMBIIUIEHHOCTH. DKCIEPUMEHTHI IPOBOAUIUCH C Pa3HBIMU BHUIaMHU
TEJIEeMETPUUECKUX KaJIPOB, COCTABICHHBIX Ha OCHOBE OJHO- U JIBYX- CTYNEHYATOH CHUCTEMBI
KOMMYyTallud KaHaioB. MccienoBaHbl KOMOMHAIIMY AANTUBHOTO MPEACKA3aTeNsl ¢ pa3InyHbI-
MU METOJIaM{ KOJMPOBAaHUSI UCTOYHHMKA, BKIFOYas MeToa Xaddmana, apudmMeTnieckoe KOIupo-
BaHue U Kojbl Paiica. [IpoBeneno cpaBHeHUEe 3(HPEKTUBHOCTH HECKOIBKUX KOMOWHAIIMMA aJro-

PUTMOB JIEKOPPETSAUN U SHTPOMUMHOIO KOAUPOBAHUS Ui CXKATUS JAHHBIX TEJIECU3MEPEHHM.
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[Tonmy4yeHbl KOJIMYECTBEHHBIE MMOKA3aTENH, MMO3BOJSIONINE OLUEHUTH YPQPEKT MPUMEHEHHs ajar-
TUBHBIX METO/IOB JIEKOPPEISIIIUU B MIPOIIEype CHKATUS TeleMeTpuieckoil napopmanuu. Ha oc-
HOBE MMOJYYEHHBIX IKCIEPUMEHTANBHBIX JaHHBIX BBIPA0OTaHBI PEKOMEHIAIMH IO pa3paboTke

CUCTCMBI O6paTI/IMOI‘O CXXaTus aJjid 3TOro Buaa I/IH(bOpMaLII/II/I.

IMy6aukanuu ¢ KJIWYeBbIMH CJI0BAMM: KOMMYTAITUS, SHTPOIHUS, TeJleMeTpuiecKkas nHHOp-
Malusl, JEKOPPEISINsl, 00paTUMOE C)KATHE, KOAMPOBAHME MCTOYHHKA, JalTHBHBIE METOJIBI,
apudmMeTnueckKoe KoanpoBanue, ko Xabdmana, ko Paiica, IRIG-106

IMyoauKanmum co CJI0BAMM: KOMMYTAIIWsI, SHTPOIHUS, TelleMeTpuyeckas nHbopMalus, JAeKop-
peistiusl, 00paTUMOE CHKaTHe, KOOMPOBAHUE NCTOUYHHKA, aJallTUBHEIE METOIBI, apu(MeTHYE-
CKO€ KoaupoBaHue, ko Xadhdmana, xox Paiica, IRIG-106
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