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Studying Autonomic and Central Nervous 
System Dynamics through Signal Processing 

and Wearable System
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Research on new Sensors and 
Wearable Systems for 
physiological monitoring
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Fig. 4. Comparison of Volterra kernels and quantitative tools between the rest

and tilt conditions. (Top) The linear Volterra kernel . (Middle-top) The linear

power spectrum. (Middle-bottom) The nonlinear Volterra kernel . (Bottom)

The bispectrum.

the best fit for all the considered subjects. Two representative

KS plots and Autocorrelation plots are illustrated in Fig. 2 for

both nonlinear models. For all the considered subjects, nearly all

of the KS plots and more than 97% of the autocorrelation sam-

ples were within the 95% confidence bounds. The respective

tracking result for the NARL model is shown in Fig. 3. More-

over, representative plots of the linear and nonlinear Volterra

kernels along with the corresponding spectrum and bispectrum

during the rest and tilt phases are shown in Fig. 4. As expected,

the linear kernel dynamics are faster during the rest phase

than during the tilt phase, as the dominant power distribution

switches from the HF to the LF band. The same considerations

can be drawn for the nonlinear kernel as its bi-dimensional

dynamics appear smoother during the tilt phase.

The NARL model gives the best fit results also for 27 of the 30

subjects of the second experimental dataset. This is due to the

capability of the Laguerre coefficients to implicitly embed all

the previous information (i.e., long-term memory). In addition,

having less regressors improves the performance of the param-

eters identification. We further applied an established time-do-

main method [64] to the R-R time series in order to test the pres-

ence of nonlinearity in the heartbeat intervals. The outcomes

from the nonlinearity test further validate that the nonlinear

terms estimated by our goodness-of-fit procedures are not a re-

sult of an over-fitting identification. Specifically, data coming

from the tilt-table protocol is characterized by a relevant pres-

ence of non-linearity and non-stationarity in the RR time series

for all the considered subjects (see Table II). In the second ex-

perimental dataset, results confirmed previous finding [22] that

TABLE III

STANDARD AND INSTANTANEOUS MEASURES OF HRV: RESULTS

FROM THE TILT-TABLE EXPERIMENTAL DATASET

heartbeat dynamics of healthy subjects are more nonlinear with

respect to the CHF patients.

B. Performance Comparison

In order to demonstrate the improvement given by the point-

process NARL model, we evaluated the statistical differences

between the supine and upright epochs before and after the slow

transitions of the tilt-table protocol, as well as between healthy

and CHF subjects in the second protocol. The difference was

expressed in terms of p-values from a non-parametric rank-sum

test [82], under the null hypothesis that the medians of the two

sample groups are equal. Given the rank-sum statistics, we also

calculated the area under the Receiver Operating Characteristic

(ROC) curve [83], hereinafter area under the curve (AUC). Both

linear, AR and ARL, and nonlinear, NAR and NARL, models

were included in the comparison.

The results from the tilt-table dataset are shown in Table III.

We computed standard recommended time domain and mor-

phological features such as the root mean square of succes-
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Where do they come from?
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AUTONOMIC NERVOUS SYSTEM 

RESPONSE -

SUBJECT’S INNER STATE ASSESSMENT
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Come tutto ha avuto origine



WHY INTERACTION BETWEEN
HUMANS AND ANIMALS?
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WHY INTERACTION BETWEEN HUMAN 
AND ANIMALS?

11

1 - HOW MUCH ARE HORSES SIMILAR TO HUMANS?

2 – AUTONOMIC NERVOUS SYSTEM INTERACTION
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HOW MUCH ARE HORSES SIMILAR TO HUMANS?

Horses have feelings

The way emotions are  processed in the human brain is

different from the horse due to the compartmentalization of 

the horse's brain. 

Horses simply feel emotion (without reasoning) because they

don't have the ability to rationalize the feeling.

...and  Horses can recognise
human  emotions

Horses can express feeling
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2 – AUTONOMIC NERVUOS SYSTEM INTERACTION

HORSE PRODUCES SWEAT:   THE ELECTRICAL IMPEDANCE OF THE HORSE’S
SKIN CHANGES DUE TO LIQUID PRODUCTION 

• AUTONIMIC MODIFICATIONS -SIMPATHOVAGAL MODIFICATION
• HEART – HEART COUPLING

IT MEANS THAT MANY OF THE SYSTEMS DEVELOPED FOR HUMANS CAN BE 
RE-USED FOR HORSES
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A measure of neurocardiac

function that reflects heart-brain 

interactions and Autonomic 

Nervous System dynamics.

✓ Rapid fluctuations in HR usually 

reflect PNS control.

✓ Slower fluctuations in HR reflect 

combined SNS and PNS + other 

psychological and emotional 

influences.

ECG

RR

HRV



Human – Horse

• Human-Horse = Dynamic Time Variant System
→ Complex Oscillation

• Cardiac Activity → Heart Rate Variability – HRV
– Involuntary Response Autonomic Nervous System
– “Fight / Flight” Reaction
– Emotion 



Wearable System

Textile electrodes use sweat to 
improve electrochemical coupling
at the electrode-skin interface→
Improving performances improve

along time

• ECG 250Hz
• Resp 25 Hz
• Acc 25 Hz



Elastic Belt

Textile
Electrodes

Ag/AgCl
Electrodes

Embedded 
Electronics



Final wearable system for Horses
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Working phase



Experimental protocol

• Neutral Phase (P1)

• Visual and Olfactor Contact (P2)

• Physical Contact (P3)



Example of P2 phase

Experimental protocol



Results

• Statistics

Classification →Confusion Matrix

Such a phase synchronization feature can, thus, be calculated
according to (Eq. 4):

M PC =
1

N

N − 1X

j = 0

ei (φx ( j ∆ t )− φy ( j ∆ t ) ) (4)

where ∆ t is the time resolution, N is the sample number
of each signal, and φx and φy are the instantaneous phases
respectively of the signal x and y.

Dynamic Time Warping [29] (DTW) is a measure of
similarity between two temporal series. In its estimation, a
temporal non-linear warping is performed to find the optimal
match between the two sequences. In this frame, given two
sequences, x and y of length N and M respectively, it
is possible to define a (N,M)-warping path as a sequence
p = (p1, ..., pL ), with pl = (nl , ml ) 2 [1 : N ] ⇥ [1 : M ]
for l 2 [1 : L ], able to align the elements of x and y. Such
an alignment assigns the element xn l

of x to the element
ym l

of y. Hence, the total cost cp(x, y) of a warping-path p
between x and y can be defined, with respect to the local
cost measure or local distance measure c, as reported in Eq.
5.

cp(x, y) =

LX

l = 1

c(xn l
, ym l

) (5)

Finally, the optimal warping path between x and y is the
warping path p⇤ corresponding to the minimal total cost.
The DTW distance is defined as the cost of p⇤, according
to (Eq. )

DTW (x, y) = cp⇤(x, y) = min(cp(x, y)) (6)

where p is a (N,M)-warping path.

3) Statistical analysis: A Wilcoxon signed rank test for
paired data was used to compare the features estimated
during the different phases of the experimental protocol.
All the possible combinations of the 2-class problems were
taken into account. A correction factor for multiple compar-
isons was applied according to the Benjamini and Hochberg
method [30]. A significance level equal to 0.05 was used.

4) Pattern recognition: A Nearest Mean Classifier (NMC)
was implemented to investigate if there exists an hyperplane
able to differentiate the phases of the protocol. In this ap-
proach, features were estimated within time windows lasting
1 minute. Data, before being used as input to the classifier,
were z-score transformed. Only the samples showing all the
three features included within the 5t h − 95t h percentile range
were retained for further analysis, and thus not considered
as outliers. A cross-validation approach (Fig. 1) was used to
test the obtained model (40-fold cross-validation). Training
set (Tr-Set) was comprised of the 80% of the whole dataset,
while the remaining 20% was used to form the test set (Te-
Set).

I I I . RESULTS

Obtained statistical results are summarised in Table I.
Here, the significant p-values (p < 0.05) are marked in bold.
M SC showed statistically significant differences among
all the three experimental phases. Differently, M PC and
DTW reported statistically significant differences only in

Fig. 1. Schemeof implemented Cross-Validation approach, whereaNearest
Mean Classifier (NMC) was used as classifier.

TABLE I

PAIRWISE STATISTICAL ANALYSIS OF FEATURES DURING THE

DIFFERENT PHASES (P1 , P2 , P3 ).

feat P1 vs. P2 P1 vs. P3 P2 vs. P3

M SC 0.032 (" ) 0.0029 (#) 0.0029 (#)
M P C 0.83 (-) 0.014 (#) 0.0029 (#)
D T W 0.57 (-) 0.036 (" ) 0.036 (" )

P1 : resting state, P2 : visual and olfactory interaction, P3 : grooming

the comparisons between the first and the third phases, i.e.
P1 vs. P3, and between the second and the third phases, i.e
P2 vs. P3, respectively. The arrows indicate the change in
group-median values between the two phases. The confusion
matrix resulting from the classification process is reported in
Table II. In the main diagonal each element represents the
correct recognition percentage. Upper and lower triangular
matrices report the percentage of incorrect recognition. Each
element of the matrix is reported in terms of mean and
standard deviation. The classification process was validated
through a 40-fold cross-validation. The overall accuracy is
about 70.87%.

IV. CONCLUSION

The study here presented is a real pioneering work focused
on the quantification of the interaction between human and
horse over a temporal dynamic evolution. Specifically, by
analyzing the nonlinear dynamic of the HRV of both human
and horse, coupling and similarity estimators have been
studied to describe different interaction phases. Three well-
known measures of chaotic interacting systems have been
applied, M SC, M PC, and DTW , respectively. Statistically
results, showed that two out of three features, i.e M PC,
and DTW , were able to discriminate only two phases.
Interestingly, M SC was able to significantly discriminate
all the three phases. Specifically, after P1-P2 transition, i.e.
when an olfactory and visual contact was created, M SC
significantly statistically increased. This may indicate that

TABLE II

CONFUSION MATRIX (MEAN ± STANDARD DEVIATION) OBTAINED BY

APPLYING THE N M C TO THE CROSS-VALIDATION APPROACH.

P1 P2 P3

P1 66.67 ± 7.42 21.21 ± 13.69 7.40 ± 9.07
P2 18.18 ± 11.50 68.18 ± 17.00 14.81 ± 11.46
P3 15.15 ± 12.42 10.61 ± 10.63 77.79 ± 17.21

P1 : resting state, P2 : visual and olfactory interaction, P3 : grooming



Applications

• Equine assisted therapy and psycho-therapy

Human horse sensing

Horse

Training
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Smart

Have you been 
to our website 

lately?

When you want to do 

the best for your horse...

Head to our huge online resource: 

Health, welfare, training, nutrition, equitation science, equine 

science, horse breeds, personalities, club search, fact sheets, 

and much, much more... 

Fully searchable, easy to use and relevant 

to every horse owner.

www.horsesandpeople.com.au

based
evidence

centered
horse

updated
always

Imagine buying a rug that predicts when your mare will 

foal, a saddlecloth that records and stores heart and 

respiration rate changes during your exercise sessions, or 

can tell you if your horse is stressed. What about a girth 

that beeps if it is too loose or a noseband that changes 

colour when it is done up too tight? 

We are talking about a future w here horse gear will be 

made with built-in smart fibres and electronics, but is made 

to look like ‘regular’ gear (no wires or bulk y battery packs). 

Gear that can light up, flash or send readings of y our horse’s 

body temperature and other vital signs. It can ev en take 

an electrocardiogram (ECG) and send the readings to your 

mobile device. 

Textiles made with conducti ve fibres woven into the fabric 

may sound futuristic, but they are nothing new . Royal 

gowns have been embroidered with gold and silver threads 

for many centuries. However, the innovation has been 

integrating these fibres with wearable electronic devices.  

Although Europeans can already buy jackets that monitor 

body temperature and have a built-in mp3 player, most of 

these products are still ‘first gener ation’ and very expensive,  

so don’t go looking in the saddlery catalogues just yet... The 

horse world is not quite there. Nevertheless, a team from the 

University of Pisa, Italy, have already tested textile platforms 

in horses, which have shown promising results.  

Nevertheless, an Italian research team composed of 

veterinarians from the Department of Veterinary Sciences 

(www.vet.unipi.it) and bioengineers from the Bioengineering 

and Robotic Research Center ‘E. Piaggio’ from the Uni versity 

of Pisa, Italy, (www.centropiaggio.unipi.it), as well as 

engineers from the research company Smartex srl (www.

smartex.it), have already developed and tested textile 

platforms in horses, with promising results.

Veterinarian and researcher Paolo Baragli presented, on 

behalf of the research team, the preliminary 

results at the 10th International Equitation 

Science Conference in Denmark. The 

Italian team has tested smart fabrics as a 

replacement for the standard electrodes 

used for electrocardiogram (ECG) - a test 

that checks for problems with the electrical 

activity of the heart, translating that acti vity 

into line tracings on paper or screen. 

For this project, patches of smart fabric 

made with stainless steel yarn combined 

with elastane were sewn to the underside of 

A Future
for Saddlery

a regular saddlecloth and connected to a v ery small transmitter 

that sent readings wirelessly to a tablet. The equipment could 

be used with a saddle and a rider. The project was focussed on 

comparing textile electrodes with standard electrodes to ev aluate 

the performance and artefacts (reading errors that normally occur 

as a result of body movement) of both platforms. 

“Our results showed that as well as the well-kno wn advantages of 

comfort and simplicity in using, the smart textiles sho wed better 

technical performances than the standard electrodes, ”  Baragli 

says. “Although preliminary, these good results indicate that 

smart textiles can be profitably emplo yed to collect short-term 

ECG in horses, both during rest and light physical activity.”  

There is still plenty of w ork to do because detection of each 

parameter requires an appropriate validation process. “After 

proper ‘gold standard’ validation, textile platforms could be 

easily adopted in horses to collect par ameters related to the 

Autonomic Nervous System activity,”  he explains. “For example, 

heart rate variability (one of the important measures for stress), 

respiratory rate, peripheral measures of cardiovascular and 

respiratory functioning, electro-dermal response and skin 

secretion of stress-related hormones.”

It seems that the sky is the limit when it comes to the future 

of smart textiles. The race is on in all corners of the w orld for 

(equitation) scientists and the textile industry to explore their full 

potential, and make that potential a reality to help us do the best 

for our horses.

by Cristina Wilkins, Editor

Researchers from the 

University of Pisa, Italy have 

tested textile platforms to 

conduct ECG in horses with 

promising results. Photos 

courtesy Paolo Baragli.
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Quality Equestrian Clothing & Horse Gear at amazing prices

www.horses-store.com - Ph: 0403 807 097
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Partecipazione a Fieracavalli a Verona
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Festival della robotica 2018
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Odori umani e feromoni
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Main objectives

POTION aims to study the human capacity 
to transmit emotions and influence social 
behaviour through body odour: 
chemosignals.

When we feel emotions such as happiness 
and fear, the human body produces 
chemosignals which are released through 
sweat and which could be emotionally 
contagious the moment they are 
perceived by others. 




