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1. Introduction

Networked control systems become commonly used in the industrial automation. Connection of
control system components via communication network allow to reduce wiring costs and make it
easier to introduce additional components into the system. In 2007 IEEE organization publish a special
issue on technology of networked control systems with information on current and future research
directions on this field [1]. Networked control systems can be studied at [2].

Relevant problems of packet switching networks in control systems are irregularity if transmission
time delay and packets lost. These problems are especially obvious in the Internet network. In the last
years several papers about Internet-based teleoperation are published. Another wide group of papers is
about question of stability of networked control systems [3]. One of the main research directions is
network time delay modeling. The accurate model of time delay improves a stability of control system
and quality of control.

In this paper, simulation of Internet time delay prediction is described. Average, simple moving
average, exponential moving average and least linear squares methods are used. Prediction real-time
simulation is realized in MATLAB. Results of simulation and estimation of prediction accuracy are
presented.

2. Prediction of the time delay
2.1. RTT measurement

MATLAB simulation of the time delay prediction is realized. Ping tool is used for time delay
measurement between local and remote hosts. It sends “echo request” packet to the target host and
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measures the time until receiving of the “echo replay” packet. Measured time is called round trip time
(RTT) and normally is in milliseconds. MATLAB can get RTT time value from DOS system by
command:

[s w] = dos(‘'ping -n 1 target name’)

The local host is the personal computer at Faculty of Computer Science and Information Technology
in Riga. The remote host is intensively used WEB server in Vienna. Every 1 second 32 bytes “echo
request” packets are generated. Control program cyclically execute RTT requests and prediction
calculations until predefined number of measurements will be reached.

For RTT value prediction average (A), simple moving average (SMA), exponential moving average
(EMA) and least linear squares (LLS) methods are applied.

2.2. Prediction methods

Method of average is based on the calculating of the average value of all previous measurements.
Equation can be written as:

- (M
Yin = K

where:
- next RTT prediction;

}7 k+1
Y, - i-th RTT value;

1
k - actual number of measurements.

Method of simple moving average is based on the calculating of the average value of predefined
number of latest measurements. Equation can be written as:

K
Sy,
)} — I=k-n+1 Vi (2)
k+1 n
where:
Veu next RTT prediction;
Y - i-th RTT value;
1
n - number of latest measurements used in prediction calculations.

In method of exponential moving average for measurements applies weighting factors which decrease
exponentially. And as in previous method the prediction is based on average value of predefined
number of latest measurements. Equation can be written as:

Vi =ay, +(1-a)y, 3)
where:
Ve - next RTT prediction;
Ve - k-th RTT prediction;
y, -1-th RTT value;
1
a - smoothing constant.
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At calculation of the first prediction assume that Ve = Vi

Finally, the fourth method is least linear squares. Equations can be written as:

Vst = Bo + BiXicia (4a)
fo =Y - BX (52)
5 (- X, - ¥) (6a)

by = = k

> (X,' - )?)2
i=1
Equations 5-7 can be converted to:
Vi1 = Bo + BT (K +1) (4b)
5b
Po=Y-P 7T(k2+ D ©0)
ST (©)
1 § (Ti T(k2+ 1))2
i=1

where:
y - next RTT prediction;
k+1

- 1-th RTT value;

Yi

y - RTT average;

k - actual number of measurements;
T - time period of measurements;

By By " parameters.

More information about mentioned methods can found in [4].

2.3. Estimation of the prediction accuracy

For the prediction accuracy estimation absolute error (AE) and mean squared error (MSE) are
calculated. For all models calculation starts at step n + 1, after first prediction of SMA model will be
calculated. General expression for the absolute error is:

0,i <=n, (8)
AE; = .
‘yi _yi‘ll >N,
where:
V. - i-th RTT value;
1
V. - i-th RTT prediction;
1
n - number of measurements used in SMA model.

Expression for the mean squared error is:
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0,i<=n,

where:

)

ME =S -
’*”W,/ >n,
y; -1-th RTT value;
v, - i-th RTT prediction;
k - actual number of measurements;
n - number of measurements used in SMA model.

3. Prediction simulation

3.1. Choose of n for SMA model and 5, for EMA model

For n and 4 selection the training set £ of RTTI_, i =1:(1):300 values is measured. The plot and

histogram of set £ are shown in Figure 1.
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SMA and EMA are simulated on the set £ for = 2:(1):6 and 4 = 0.1:(0.1): 0.6 respectively.
MSE are represented in Figure 2 for different n in SMA model and for different o in EMA model.

6000

s0m |-

anm0 |-

SMA model
T

EMA model
T

1o [ £ =

MSE, msec

400

0

300 -

260

200

El 100 200 250 30

I I I
100 200 250 300

Fig.2. MSE for simple average model (left) and for exponential moving average (right)

In Figure 3 can see that the smallest MSE in SMA model is for n = 4. And it is not such obvious but
in the end of simulation the smallest MSE in EMA model is for ¢ = 0.3. These values will be applied
for a real-time simulation in the next section.

99



3.2. Real-time simulation

The simplified block diagram of the simulation program is shown in Figure. 3.

‘ read RTTi value ‘ ‘ RTTi = RTTi-m ‘
[«
calculate AE, MSE,
A, SMA, EMA, LLS

1
visualize results

Fig.3. Simplified block diagram of simulation program

Before start of simulation the total number s and time period T of measurements should be defined.
At cycle beginning program generates “echo request” packet and waiting for response. If program did
not get “echo replay” packet in time 7, then for the predictions calculation is applied nearest
successive RTT value. At every step new RTT value, predicted values and errors are outputted to the
plot figure. In the end of simulation process total results of measurements are calculated and outputted
to the plot and histogram figures.

Results of the simulation with s = 600 and T = 1sec are represented in Figures 4, 5.
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Fig.4. RTT plot (top left), RTT histogram (top right) and prediction MSE (bottom left)
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Fig.5. Histogram of absolute error for A (top left), SMA (top right),
EMA (bottom left) and LLS (bottom right) models

After 600 steps mean squared error of A model 412.87 ms, of SMA model 383.65 ms, of EMA model
339.53 ms and of LLS model 419.54 ms. In case of wide distribution of RTT value more conservative
A and LLS models are less accurate than SMA and EMA models.

4. Conclusions

In this paper a comparison of network time delay prediction methods is presented. Average, simple
moving average, exponential moving average and least linear squares methods are considered.
Parameters of models of second and third methods are defined by simulation on training set of RTT
values. The simulation result show that most accurate is exponential moving average prediction
model. But it is necessary to remark that for another connection with different RTT distribution and
dynamics results will be different.

Next goal is improvement of prediction models accuracy. Research of typical features of time delay in
IP networks should be realized. Information about these features makes it possible to improve
prediction models in the real-time: optimize the parameters of the model depending of the time delay
dynamics, use prediction models switching.
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Safins R. Tikla aizkaves prognozéSanas metoZu salidzinajums reala laika rezZima

Tikla vadibas sistemas ir plasi pielietotas industriala automatika. Vadibas sistémas iekartu savienoSana ar
komunikacijas tikla palidzibu Jauj samazinat elektroinstalacijas izmaksas un atvieglot papildu elementu
pieslegsanu sistemai. Neregulara datu parraides laika aizkave pakesu komutdcijas tiklos var pieviest pie
sistémas nestabilitates. Raksts ir veltits Internets tikla laika aizkaves prognozésanas simulacijai redla laika
rezimd. Izmantotas vidéja, slidoSa vidéja, eksponenciala slidosa vidéja un mazako kvadratu metodes.
Prognozésanas modelu parametri ir nodefinéti ar apmacosas izlases palidzibu. Prognozésanas simuldcija ir
veikta MATLAB programmda. Simuldcijas programma generé ,echo request” paketes caur DOS sistemu
attalinatam hostdatoram ar nodefinétu laika intervalu un atpaka] sapem atbilde ar noméritu aprites laika
vértibu. Nakama aprites laika prognoze un iepriekséjas prognozes precizitite tiek aprékinatas reala laika.
Prognozes precizitates novertésanai pielieto absoliutu un videjo kvadratisko kiudas. Ir doti simuldcijas
programmas un laika aizkaves mérisanas apraksti. Raksta beigas attéloti simuldciju rezultati un prognozesanas
novertejumi. Secinajumos var atrast nakotnes pétijjumu virzienus tikla vadibas sistému nozare.

Safins R. Comparison of network delay prediction methods in the real-time mode

Networked control systems become commonly used in industrial automation. Connection of control system
components via communication network allow to reduce wiring costs and make it easier to introduce additional
components into the system. Irregular transmission time delay of packet switching networks can lead to unstable
operation of such systems. In this paper, real-time simulation of Internet time delay prediction is described.
Average, simple moving average, exponential moving average and least linear squares methods are used.
Parameters of prediction models are defined at training set of time delays. Prediction simulation is realized in
MATLAB. Simulation program via DOS system generates “echo request” packets to remote host with predefined
time interval and give back answer with measured round trip time value. The predictions of next round trip time
and accuracy of the previous prediction are calculated in real-time mode. For estimation of prediction accuracy
the calculation of absolute error and mean squared error are applied. The descriptions of simulation program
and time delay measurement are given. At last, results of simulation and estimation of prediction accuracy are
presented. In conclusions directions of the future research at networked control systems are discussed.

Ca¢un P. CpaBHeHNe MeTO/I0B IPOTHO3UPOBAHMS 32/I€P:KKH CETH B PeKHMe PeajibHOr0 BpeMeHH
Cemesble cucmemvl YnpagieHus HAWIU WUPOKOe NpuMeHeHue 6 undycmpuanvhou agmomamure. Coedunenue
YCmMpoUcme cucmemvl YHpAGeHusi uepe3 KOMMYHUKAUUOHHYIO CeMb NO360JSem CHU3UMb 3ampamsl Ha
INEKMPOUHCIMATSAYUIO U  YAPOCMUMb  HPoYedypy 6HeOpeHuss OONOTHUMENbHIX YCMPOUCME 6 CUCTEMY.
Hepezynapuas epemennas 3adepoicka nepedayu OGHHbIX 8 NAKEMHbIX CEMSIX MONICEem NPUGECH K HeCmaOuIbHOU
pabome nodobuwix cucmem. B npedcmasgnennoii pabome onucvleaemcsi CUMYIAYUs NPOSHOZUPOBAHUS BPEMEHHOU
3a0epacku Mnmeprem cemu 8 pedjcume peanbHo2o epemenu. Mcnonw3o8ansvi Memoobl. cpeone2o, CKOIb3sAue2o
cpeone20, IKCNOHEHYUANbHO20 CKOb3SUe20 CPeOHe20 U HaumMenbuux keadpamos. Ilapamempol ucnonv3yemvix
MoOeneli onpedenenvl no obyuaiowel 6vioopre. CuMynAyus NpoSHOZUPOBAHUSL Pearu308aHd 6 NPOSpamMme
MATLAB. CumynayuonHas npoepamma eesepupyem naxemol “‘echo request” yOanéHHOMY KOMNblOmepy uepes
DOS cucmemy ¢ 3a0annblmM UHMEPBANOM 6peMEHU U NOJYyYaem Omeem C USMEPEHHbIM BDEMEeHU Omeemd.
IIpocnos cnedyowe2o 8pemenu omeema u MOYHOCHbL NOCIEOHe20 HPOSHO3A PACHUMBIBAIOMCSl 8 PedalbHOM
epemenu. Jist OyeHKu MOYHOCHU NPOSHO3A UCNONbL3VIOMCS aOCONIOMHAsL U CPEOHEeK8AOPaAMUYecKas: OWUOKU.
Ipusedeno onucanue nPoepamMmbl CUMYIAYUU U USMEPEHUS BPEMEHHOU 3a0epaicKu. B konye 0anvl pesyibmamuol
CUMYTIAYUU U OYEHKA Kayecmed NpocHO3Upoganus. B evleodax obcyscoaromes Hanpagienus 6yoyuux
UCCIe008AHUT CEMEBbIX CUCTNEM YNPABTIEHUSL.
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