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ABSTRACT

The paper addresses the problem of transforming multi-input multi-output discrete-time
nonlinear state equations into the classical observer form using state transformation. Necessary
and sufficient geometric solvability conditions are given in terms of vector fields. The results
obtained generalize the previous ones in several aspects. First, the results are also applicable to
non-reversible systems. Second, they hold almost everywhere, not only around the equilibrium
point of the system. The generalizations are possible due to the use of different mathematical
tools. The proof of sufficiency also provides a method for finding the state transformation.
The results are illustrated by two examples.

1. Introduction

A nonlinear state observer with linear error dynamics can be easily constructed
for nonlinear state equations whenever they are in the observer form [5,14].
Therefore, the ability to transform the equations into such a form is very
important. State equations in the observer form have a linear structure up
to nonlinear injection terms that depend on measurable inputs and outputs.
Since the class of systems that can be transformed into the classical observer
form is quite restrictive, various generalizations are proposed in the literature.
Some of them suggest extending the state equations by auxiliary dynamics,
so that the extended system becomes transformable into the classical observer
form [13,21]; others allow the injection terms to also depend on the past or
future values of inputs and outputs [6-9,11,20], or imply input dependence of
the linear part [3,12]. Different approaches also apply different mathematical
frameworks with their own pros and cons. The majority of the results are
derived for systems with a single output. However, their extension to a multi-
input multi-output (MIMO) case is not straightforward and can be a challenge
[2,4,10].

Starting from the classical observer form, this paper extends the single-
output results from [15,16] to the MIMO case, thereby laying a foundation
for further extension to generalized MIMO observer forms, similar to those
from [18,19] for single-output systems. The main contribution of this paper
is to establish necessary and sufficient conditions for state equivalence to the
classical observer form. The conditions are formulated in terms of certain
output-related vector fields and their backward shifts. Unlike the single-output
case, in the multi-output counterpart these vector fields are, in general, not
uniquely defined, which allows for freedom of choice but can complicate the
verification of conditions. However, a similar issue is inherent also in earlier
works [2,4]. The suggested approach is compared with the earlier results, and
its applicability is demonstrated by several examples.
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2. Preliminaries and problem statement

In this paper, we use the generic mathematical setting from [17]. Consider the discrete-time MIMO
nonlinear control system

V(1) = @(x(1),u(1),  y(1) = h(x(1)), (1)

where x{ () := x(r + 1), t € Z, the state variable x(¢) € X C R", the control variable u(t) € U €
R™, the output variable y € Y C R”, and the state transition map ® : X x U — )_i is supposed to be
analytic. Both X and U are assumed to be open sets. We assume that the map @ can be extended

to the map ® = [ET, x 1T 1 (X x U) — (X x R™) such that ® has the global analytic inverse
! = [AT,AT]T : ®(X x U) — (X x U). Introduce the additional variable at time instant ¢,
z(t) e R™,

2(1) = x (x(1), u(1)). (2)

The equations (1), (2) define the inversive difference field K of meromorphic functions in a finite
number of variables from the set C = {x, u<k>, z<‘l>, k > 0,1 > 0}. Here, u'®) denotes the k-th order
forward shift of u and z{~! the [-th order backward shift of z. The first order forward shift of x is
defined by (1) and the first order backward shifts of x and u by

X = ALY, WD = a2, 3)

The higher order backward shifts of x and u# can be found recursively. The forward and backward
shifts of functions are defined by shifting the arguments of the functions and replacing the dependent
variables x{1, x¢=1> and u{=1 from (1) and (3).

Consider the infinite set of symbols dC = {dx,du‘®’,dz{-" k > 0,1 > 1} and let & :=
spang{dC} be the vector space spanned over K by the elements of dC, called the 1-forms

w= ZAdx +ZZB]kdu<k> +ZZqudz< b,

j=1k=0 g=11>1

where only a finite number of coefficients differ from zero [1]. Define the space &* = spang{d/dx,
6/6u<k>, k>0, 8/6z<‘l>, [ > 1}, dual to &, whose elements are the vector fields

- S 5 St + 5 S

g=11>1
Note that in computations the 1-form is typically interpreted as the row vector of its coefficients.
Similarly, the vector field is interpreted as the column vector of its coefficients. Therefore, the scalar
product of the 1-form and the vector field can be understood as a product of the row and column
vectors. By duality between & and &%, the scalar products of 1-forms and vector fields satisfy the
relations

([v.T) =y, (@l D) =7, (de§ .0 =7

Definition 1. [17] For a vector field I" € spanqg{0/0x}, its backward shift is the vector field

. n N 9 m B 0
-1 = Z <dCI)1,F>< 1) a_xl + Z (d)(v,l">< Y p =t 4)

=1 v=1 <y
and the projection of T=1) is the vector field

rhe = 3 (4, 1) " aix‘ (5)
1

=1

Lemma 2. [15] Let the vector fields Ty = 31", yki(x) 0/0x;, k = 1,...,n, be linearly independent.
If the vector fields 'y commute, then generically one can define the state transformation X; = ¥;(x),
Y, eK, j=1,...,n,suchthat (d‘PJ, Fk> Ojk, Jok =1,...,n, where ¢ is the Kronecker delta.

Throughout the paper, the following assumption is made.
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Assumption 3. The system (1) is generically observable with the observability indices p;, i =
1,...,p,ile’.’:1p,~ =n, and

T
1\ T -1 T
rank I ' w aﬁ ! M -n (6)
X o o R o .

Without loss of generality, one can redefine the outputs to guarantee that p; > pg, if i < k.

Problem statement. The aim of this paper is to find, under Assumption 3, the coordinate trans-
formation X = W¥(x), if it exists, such that in the new coordinates the system takes the observer
form

1 . .
Xl.{j> = Xijs1+0i iV Ypo ity Uy), i=1,..0,p, j=1,...,p0i -1, 7
T
Xl.<’p>i = Qip (Vs s Ypsllseslty),  YVi=Xi1.
Proposition 4. (Necessary condition) If the state equations (1) are transformable by the state
transformation X = W(x) into the observer form (7) with the observability indices (p1,...,pp),
then o)
oy _ .
0 =0, i=1,...,p, k=1,...,i, j=pi,...,pr—1. (8)
oy

Proof. Compute from (7):
Pi
y§pi> - ngi,j(y(pi—ﬂ’u(pi—])). )
j=1

Because of (9), the expression of ygp ") does not depend on shifts of y higher than p; — 1, meaning

that (8) must be satisfied. ]

3. Main result

Define the vector fields Ex € spang{d/0x}, k = 1,..., p, in terms of which the main theorem will
be presented, as the solutions of the set of equations

<dy§f‘1>,ak>55ik5jpk, ik=1,....p, j=1,... min(pspx). (10)

Note that for a fixed k > 1, when pj < pi, the number of equations in the system (10) that defines
EZr 1is less than the number of the coefficients of ;. This means that some coefficients of Z; can
be chosen freely. The vector fields are uniquely defined only if all observability indices are equal.
The unknown functions (coefficients) in the vector fields E; can be found from the necessary and
sufficient solvability conditions of Theorem 8 below. First note that because of the condition (ii),
one has to search for coefficients as functions of the argument x only. Next, the condition (i) gives a
number of equations to define the unknown functions. Of course, in general, there is certain freedom
to choose these unknown functions, and then one may opt for the simplest choice. This approach
is described in Section 5 with examples. The equations (10) extend those for the single-output
case [16]. The extension is not obvious. The remarks below discuss the problems one faces in the
other routes of extension.

Remark 5. Observe that, unlike [4], in the equations (10) that define the vector fields 2, k =
1,...,p,werequire j = 1,...,min(p;, pr). If one takes, as in [4], j = 1, ..., pg, then in the case
where i > k and py > p;, the system of equations may become inconsistent. We will demonstrate
this on a simple case of two outputs and the observability indices (3,2). In such a case there is

no reason for the scalar product (dy§2>, E) to be identically equal to zero. This is because dyé2>

depends, in principle, linearly on dy, dyi”, dyi2>, dy,, and dyé”. Consequently, taking also into
account the equations in (10), one has

<dy§2>,51> =ay (dy1,E1) +az <dyil>,51> +az <d)’§2>,51> + by (dy2,E1) + by <dy§]>,51> = as.
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In the case where j is given as in (10), no contradictions arise, but the vector fields 2y, :< ””,

”i 2>”, H, :é D7 are not necessarily independent. The problem is removable if one additionally

requires that (dy§2>, E1) = 0. Essentially this means that dy<2> is not allowed to depend on dy<2>.
In the general case, if pr > p;, one has to require that the equations in (10) additionally hold for

~1)

Jj=pi+1,..., px, which imposes restrictions on how dyl{j can depend on the other output shifts.

Remark 6. If in the equations (10) that define the vector fields E¢, k = 1,..., p, one takes j =
1,..., p;, then the vector fields E; are uniquely defined. However, if all observability indices are
not equal, then the coefficients of all E¢, k = 1, ..., p, are not the functions of x only. Consequently,
the new states as the functions of old ones will not depend only on x either.

Compute the projections of the backward shifts of Z¢, k = 1,..., p, up to the order p; — 1
according to Definition 1.

Lemma 7. Suppose that
[E,-,E;‘””]s Cik=1,....p, 1=0,... . pr—1 (11)

and the coefficients of the vector fields E ”< D ,k=1,...,p,1=0,...,p0r — 1, depend only on the
variables x. Then the following holds:

[55“”",55;””]50, ik=1,....py j=0,....pi=1, 1=0,....00~1. (12

Proof. Due to (11), the equality (12) is valid for j = 0. Suppose now that (12) holds for a certain
index g € {0,...,p; — 2}, i.e.

[<‘1>",E,<< ) ]zo, ik=1,....p, I[=0,... pp—2. (13)

1

Show that the validity of (12) for j = g + 1 follows from (13). Shift both sides of (13) backward by

one step, obtaining
(-1) ey D
=(-a) =(-Dr

Due to Definition 1,
1) i 0 D\ Y (- -0
o(-a)x _ ml-a-Dx ={-Dr _ {-l-)x .
(o) e S L () e S e

where

_ (-1) _ _(-Dx\ D
<d/\/ra—'< q>ﬂ> o Hr = <er’:‘§ >7r> :

Taking into account (14), one can rewrite (13) as

[I]

+Z a<” ] Z“’

r= r=1

m

* 2

r,s=1

.—( g-l)n

a<1>

Because the first term on the left-hand side of (15) belongs to spang{d/dx}, then it identically
equals zero if the remaining terms either also identically equal zero, which is the case of the 4th and
the 5th terms by the assumption of the lemma, or belong to spang {3/ dz{~1}, which is the case of
the 2nd, the 3rd and the 6th terms. Then
El?‘q‘””,ai‘l‘l)” =0, ik=1,....,p, I[=0,....pp-2.

Denoting [ := [ + 1, we see that (12) really holds in the case j = g + 1. m|

In Theorem 8 below, we assume the system observability because the observability property as
well as the observability indices are invariant under state transformation. Since the observer form is
observable by definition, it makes no sense to address non-observable systems.
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Theorem 8. Under Assumption 3, the state equations (1) are transformable by a state transformation
X = Y¥(x) into the observer form (7) with the observability indices (p1, . . ., pp) if and only if among
the solutions of (10) there exist the vector fields Z1, . . ., =, that satisfy the following conditions:

(1)
[Ei,:< ””] =0, ik=1,....p, 1=0,....p1—1,

(ii) the coefficients of the vector fields 2 ”< b s k=1,....p,1=0,...,px — 1, depend only on
the variables x,

(i)
<dy§f‘1>,5k>z5ik5jpk, k=1,....p=1, i=k+1,....p, j=pi+l,....ps.

Proof. Sufficiency. The sufficiency proof consists of two parts. (a) If (iii) holds, then the vector
fields 2 ’:<_l>” k=1,...,p,1 =0,...,pr — 1, are linearly independent. (b) If also (i) and (ii) are
true, then one can deﬁne the new coordinates as the canonical parameters of n vector fields E ”< l>",
k=1,...,p,1=0,...,pr — 1, in terms of which the state equations take the observer form (7)

(a) To prove the linear independence of = ”< hm k=1,...,p,1=0,...,pr — 1, we prove first
that the following holds:

<dy<] ]>’:< l>n>56ik6j,pk_l’ i,kzl,--"p’ lZO,--"pk_l’ jzl"“’pk_l' (16)

Since dy ™" € spange{dx, du, ..., dut "2}, but 777 € spang{8/dx, 8/074°1, ..., 8/8z1Y,
one can rewrite (16) as (dy§]_1>, :]i l>) =

into account that 6 ,, —; = 041, , One gets

0ik0 j p,—1- Shifting the latter forward / times and taking

<d (- 1>,-—k> =0ik0j+1pps =000 =1, j=1,...,0 =1L

Denoting g := j +[,then g = 1, ..., pk, and one finally obtains

<dy§q‘1>,5k>zaik5qpk, ik=1,....p, q=1,...,px 17)

the validity of which follows directly from (10), (iii) and system observability. Note that for (17) to
hold, dylw, i=1,....,p,j=0,...,px —1foreach k = 1,..., p, should be linearly independent.
Ifi > k, then px < p;, but this is not a problem since the condition (iii) has to be satisfied too.
Therefore, for (17) to hold, one needs dylw,i =1,...,p,j=0,...,p;—1,tobe linearly independent,
which is true under the observability assumption.

Now, using (16), prove that

dimge spang{E, 7 k=1,...,p, 1=0,..., 0 — 1} = n. (18)

For this purpose, we will prove that in the equality below all coefficients ay; are identically equal to

Zero:
pr—1

iZakE R (19)

k=1 1=0
The proof is done step by step with p steps, the step  showing that ay ,, , = 0 for the values of k
for which px > r.
Step 1. Multiply both sides of (19) by dy;,i = 1,..., p:

-1

P
ag <dy,,:< l>"> =0.

M=

>~
Il

11

1l
(=)

Due to (16), the latter takes the form

pr—1

P
Z ar10ikO1,pp—1 = Aip;—1 =0
k=1 1=0
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since 1 p, 1 = 01 py—1-
Step r. Assume that the steps up to r — 1 are completed and a; ,,,—,+1 = 0 holds. One can rewrite
(19) as

Pr-1Pk=T

I

k=1 1[=0

0, (20)

where p,_ is the number of outputs whose observability index is greater than » — 1. Multiply both
sides of (20) by dy!" ™", i=1,...,p,1:

Pr-1Pk—F X l
S5 w2 =0
k=1 1=0
Due to (16), the latter takes the form
Pr-1pPk—F
ar0kiOr pp—1 = Qi pj—r = 0.
k=1 1=0

(b) According to Lemma 7, the validity of (12) follows from (i) and (ii). Since the vector fields
E,i_”” are linearly independent, one can apply Lemma 2 to define the new states X; ; = ¥; ;(x) as
the canonical parameters of the vector fields in (18):

<d‘P,J,:< ’>">zaikaj,pk_l, ik=1,.0ips j=1,ipi 1=0,.. . pr—=1. (1)

Since the 1-forms d¥; ; as the total differentials of the state transformation functions form a new
basis for spang{dx}, it is clear that the 1-forms d‘Pi< 1J.> can be written as the linear combinations

lP(l) Zzaluqdq’sq_‘-ZBuvduv’ i=1,...,p, j=1L...,p:. (22)

s=1 g=1

Next, we will show that

aisjqzéiséq,]'+l7 i,szl,""p’ jzl"-',piv q:2a"'7ps' (23)
Multiply both sides of (22) by the vector field £ ”< b= ,k=1,...,p,1=0,...,pr — 1. Recall that
:ﬁ( Dr ¢ spang{8/0x}; therefore, (du,, = ={- l>”) =0,v=1,...,m,and so
| ; P Ps ;
(a9, =2007) = 3 3 aiggg (49,4, 5007) (24)
s=1 g=1

Applying (21) to the scalar product on the right-hand side of (24), we get (d¥; q,:< l>"> =
Osk0g,py —1- Substituting this into (24), we get, by the definition of the Kronecker delta, (d‘~I‘<1»> "<_l>”> =

<d‘I’<1> ={- l>> = @ik p,—1- The backward shift of this equality yields a/fkaJ = (d¥; J,:< 1= 1>) =
(d¥; ],:< = 1>”> [=0,...,pr—2.Dueto (21), we obtain O‘kal)p _; = 0ik0; p,~1-1. Denoting now
q := py — [ for a fixed value of [, we get from the last equality afkjlg =0ik0j,q-1,J =1,...,p; for

qg=2,...,pk. Next, shift the obtained result forward and take into account that 1) the Kronecker
delta is shift invariant and 2) 6,41 = 04, j+1, 10 get @k jq = 0ikdq,j+1- Thatis, (23) holds.
According to (23), the equality (22) takes fori =1,...,p,j =1,..., p; — 1 the form

P m

s=1 v=1

le<l> Za,splld‘{’ 1+ Zﬁlpzlduv

(25)

We prove next that in the new coordinates

yk=Xe1, k=1,...,p. (26)
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Taking j = 1 in (21), we see that for the validity of (26) the outputs must satisfy the conditions
<dyl, = P“’>”> =6ubn, ik=1,....p, I=1, ... ps 27)

We will prove that (27) is equivalent to (17). Since dy; € spang{dx}, and by (4), :< “PRt) o

spangc{d/ox, 8/9z=1, . ..,8/8z¢~Px+D} in (27) the operator  may be omitted: (dy;, :1<< p"+l>) =

0:x071. Shifting both sides of the obtained equality pj — [ times forward, while [ is fixed, we get the
equivalent equality (dy<pk l>,_k) = §;10;1. Denote g := pr. — [ + 1, then ! = p;. — g + 1. Because
I=1,...,pk thenalsog = 1,..., pk, and the last equality takes the form

_1 —_— .
<dy§q >,zk>56ik6pk_q+1,1, ik=1,....,p, g=1,...,p«.

Since 0y, —g+1,1 = 0gp,» We get (17). Consequently, (27) is valid and therefore (26) holds.
Because of (26), the equations (25) yield, after integration, the state equations in the form (7).
Necessity. Show first that the vector fields 2, defined by (10), are in the new coordinates the

partial derivative operators

0
- Ck=1.....p. (28)
T Xk p

[1]

To prove the validity of (28), one has to show that
(dX;, ;. Bx) = 0ik0jps Lk=1,....p, j=1...,p: (29)

Express from (7) the new coordinates in terms of inputs, outputs and their forward shifts:

Xi1 = Yis 0,
Xij =37 — i GV Uy (), =1, p, =2, p0
Recall that by definition E; € spang{d/0X} and compute fori =1,...,p,j=2,...,p;,
<dXi,1’Ek> = <d}’i,Ek>,
0,30 = {0 2 3 20T
a=1 0y (31)
LAY
@i j-1(y,u) _
—Z ”6— (dyg. Ex) .
g=1 Yq

Using the definition of the vector fields Z in (10), the validity of (29) follows from (31). Therefore,
also (28) holds.
Next, prove that

(-hx ___ 0 L= 1 _
- k=1,...p I=1,. . pr—1. (32)
k Xk py-1

[1]

Compute first 2 ”< A ,k=1,...,p,using (5) and (29):

=D (1 g
A X! )
ZZ< LI QX py > dX;

i=1 j=I1

Computing the total differentials of both sides of (7), one can easily see that <dX {1 ,0/0Xk p,) =
0ik0 j+1,p, - Since the Kronecker delta is shift invariant, we get (32) for [ = 1. Suppose now that (32)
holds for r € {1, ..., px —2} and prove that it holds for » + 1. Due to (5) and (32), one has

(-1)
(=r-Vym _ (1 4
S 3 Y e Bt

i=1 j=

[I]

As above, according to (7), we get (dXi< 1J.>, 0/0Xk pr-r) = 0ik0 j+1,p,+r that will yield (32).
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Since in the coordinates X the vector fields E ”< hr L k=1,...,p,1=0,...,pr — 1, are linearly
independent partial derivative operators, the condltlons (1) and (i1) hold for them.

Finally, show that also the condition (iii) is valid for (7). Note that if i > k, but p; = pg,
then (iii) holds by (10). Next, consider the case p; < pi. Taking j = p;, one gets from (30)
Xip; = yﬁp"_n — @i (P yPim2y @i pi—1(y, u). Shift the latter forward, substitute Xl.<’}0>l
from (7) and shift the result again s steps forward, where s =0, ..., px — p; — 1:

Pi
y§Pi+S> — Z SDi,r(y(p,v—r+s>’u(p,v—r+s>).

r=1

Denoting j := p; + s + 1 yields

Pi
. oy ,
Y= 0, (YT W), =i L i

r=1

Recall that 5 € spang{d/dX} and compute

(j-r=1) (j-r-1)
(-1 = Z Z A¢ir(y U )< (-r-1) = >
<dyl ’h‘> <j r— l> d)’q 9h‘k )

r=1 g=1
k=1,...,p—1, l—k+1,...,p, j=pi+1,...,pk.

Due to (10), all scalar products on the right-hand side identically equal zero since for all possible j
and r values j — r < pg. Consequently, (iii) holds. |

Remark 9. Note that the earlier result for the single-input single-output (SISO) case follows from
Theorem 8 (see [16]).

4. Comparison with earlier result

The problem of transforming the state equations (1) into the form (7) by a state transformation has
been studied before for MIMO discrete-time systems in [4]. First, compare the assumptions made
in this paper with those from [4]. Note that in [4], the problem statement was slightly different,
allowing the coefficients of X; ;1 in (7) to also depend on the input variable u. However, the paper [4]
additionally gave a solution to the problem statement given in this paper as a special case.

Working point. The results of the paper [4] are valid locally around the equilibrium point
(x0,u0) = (0,0). In this paper, however, a generic solution is given, meaning that the results are
valid in an open and dense subset of the set X x U. Thus, the results of this paper are applicable to a
larger domain than the solution in [4].

Assumptions. Both papers consider discrete-time control systems of the form (1) with ® analytic.
However, the paper [4] assumes that ® is reversible in the neighbourhood of the point (xg, up) =
(0, 0), while in this paper a less restrictive assumption is made, and a more general class of systems is
studied. In this paper, it is assumed that the equations (1) are observable, whereas in [4], observability
was given as part of the necessary and sufficient solvability conditions. The last difference is, of
course, irrelevant.

Thus, in order to compare the results of this paper with those in [4], we make the following
assumption.

Assumption 10. Assume that

¢ the equilibrium point (xg, ug) = (0, 0) is the regular point of the observability matrix, meaning
that the dimension of the observability space does not drop at this point (is not less than n);

« the state transition map @ is reversible in the neighbourhood of the point (xq, ug) = (0, 0).

Solvability conditions. The solvability conditions in [4] are given in terms of two sets of vector
fields: r g, k=1,...,p,l=1,...,pk,and ri(u), k =1,...,p, 1 =2,..., px. The vector fields
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ri,1 are defined from the set of equations below in the neighbourhood of the point (xo, o) = (0, 0)
under the assumption that the state transition map @y is invertible in this neighbourhood:

—i-1
<d(hi o®; (), rk,1> = 0i.k0;.p1>

where 58 = 1d, 5(]) (x) = @y = ®(x,0) and 66” (x) = @y (5& (x)) for r > 1. Then the vector fields
rki, l=2,..., pk, are computed by transporting ry ; along @g(x) iteratively:

oD
—Ork’l_l) . [ >1.
ox — 1

@y (x)

The vector fields r¢ ;(u), however, are found by transporting ry ;—; along a(x, u):

Tk, = Ad@)rkal—l =

K

reg(u) = Adgre, -1 = I rk,l—l) , 1>,
—1
O (x,u)

—-1 . . — .
where @ (x,u) is the inverse of ®(x, u) under the constant u, computed at the point (x, u).
Now, the solution in [4] is stated as follows.

Theorem 11. Under Assumption 10, the state equations (1) are transformable by a state transforma-
tion X = ¥ (x) into the observer form (7) in the neighbourhood of the point (xg, ug) = (0, 0) with
the observability indices (p1, . .., pp) if and only if

Al [riq,rg] =0fori,k=1,...,pandl=1,...,p;

A2 rig(u)=rifork=1,...,pandl =2,...,pk;

A3 span O; = span{O; N O}, where O = {dy;, .. .,dyﬁ.pj_w;j =1,...,p}and

Note that the definition of O; in [4] was incorrect, yielding that A3 is always satisfied, and the correct
definition was given in the paper [2] by the same authors.

Recall that under Assumption 10, if z is chosen as z = u and the conditions of Theorem 8 are
—~{(=Il+1)

satisfied, then under the reversibility assumption, one has that r¢ ; = E; , and so the condition
A1l of Theorem 11 is satisfied. A detailed proof of the equality ry ; = E]i_l+l> of the vector fields

is given in [15] for the SISO case. The proof for the MIMO case is similar. Now, because of the
equality rr; = E,i_l“) and the fact that the Adg operator corresponds to the backward shift of a
vector field, one has ry ;(u) = Adgri,;-1 = AdaEli_Hz) = E;{_Hl) = rg,. Clearly, the condition
A2 of Theorem 11 is satisfied. It remains to show that the condition (iii) of Theorem 8 yields that
A3 is satisfied. First, note that the condition (iii) of Theorem 8 is equivalent to the condition (8).
If the latter is satisfied, then dyﬁ.l> espanO forall j =1,...,pand ! > 0. Thus, O; C O and the
condition A3 is satisfied.

5. Examples

Example 1. Consider the state equations

xi”zxy x§]>:x1(x4+1), x§]>:u+xz+x5, xf‘”:l,
*3 (33)

1
x§ ) = Uxz —X1xX4 — X1, Y1 =X1, y2 =X2.

The system (33) is not reversible but submersive and taking z = x; allows one to find the backward
shifts

-1 - -1 X2 + X5 -1
xi >=z<1>, x§>= ’ é)
X1X4
-1 X2 -1 X2 + X5 _
( >———1, ¢ >=X3—X1X4— , ul 1>:)c1x4.
X1X4

= X1,
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Computing dy; = dxi,dy{" = dxs, dy{? = dio +dxs+du, dys = dra, dyl" = (x4 + 1) diy +x1dxs
reveals that the rank of the observability matrix (6) is generically equal to n = 5; thus, the system is
generically observable with the observability indices p; = 3, pp = 2.

Next, find the vector fields E; = 2221 £140/0x4 and By = 22:1 £240/0x4, where the functions
€14, €24 should be determined from (10). For k = 1, the set of equations (10) results in

<dy1’ El> = 0’ <d)’<l>,5 > - O’ <dy<2>"—‘1> - 1$ <d)’2, El> = 0’ <dy§l>7h‘ > = 09

yielding the unique solution
0

1= —

8)65 '

(1]

However, for k = 2, the set of equations (10) results in four equations

(dy1,E2) =0, <dy<1>,_2> 0, (dy2,E) =0, <dy§1>,52> =1,

while involving five unknown functions. Therefore, its solution E; is not unique and depends on the

unknown function &;s:
1 0 0

= ——

257 -
X1 aX4 axs

The next task is to find &»5(x) from the conditions (i)—(iii) of Theorem 8 that have to be satisfied.
Consider, for instance,
0
[21,5,] = (0 0, 0, 0, §25)

Oxs

Equalizing the last coordinate of the above Lie bracket to zero gives a partial differential equation,
whose solution is &35 = C(x1, X2, X3, x4), with C being an arbitrary function of its arguments. For
the sake of simplicity, we take C = 0; thus, &35 = fés_ D _ 0, leading to the updated vector field

1 0

2= —F—.
X1 0x4

[1]

In order to check the condition (i), the following projections of the backward shifts of Z; and =, are
required:
g _ 0
~1 B 8)63’ (9x1 X1 aX4’

All Lie brackets in (i) equal zero; thus, the condition (i) is satisfied. The condition (ii) is also fulfilled
since the coefficients of Z;, E ”< 1>" =~ 2>", 5y, B :< 1= depend only on the variable x. The condition

=1
(iii) reduces to the requirement that <dy§2>, _1> 0, which is valid since dy< ) = = dxs.

Next, construct the state coordinates as the canonical parameters of the vector fields E1, :< U",

i 2>” 5y and B ”< D by (21). Defining matrices

[I]

v, 1 00 0 0
¥, » 0 00 1 0
Pi=|d¥s| and M= (2P gV 5 VT 5)={ 0 10 0 0
d¥,1 -2 00 0 4+
d¥s,, 0 01 -1 0

allows one to write (21) as a matrix equation PM = [s, with /s being the identity matrix. The matrix
P can be found as the inverse of M,

1 00 0 O
0 01 0 0
Pp=M'=[0 1 0 0 1|,
0100 0
X4OOX10

1
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the rows of which define the exact 1-forms (since the vector fields in M commute), the integration of
which yields the new state coordinates X101 =x1,X12=x3, X13=x2+x5, X2,1 =x2, X22 = X1X4.
In these coordinates, the state equations (33) take the observer form (7):

1 1 1 1 1
V=X x{Y=u+x5 XY =uyn X =Xn+y X5 =u
yi=X1,1, Y2=2Xa71.

The purpose of the example below is to demonstrate that in the MIMO case, unlike the SISO
case, the conditions (i) and (ii) of Theorem 8 are not sufficient to transform the state equations (1)
into the observer form (7). The reason is that in the case where py > p; in (10), it is not enough
totake j = 1,...,min(p;, px); (10) must also hold for j = p; + 1, ..., p to guarantee y; = X; 1,
i=1,...,p.

Example 2. Consider the state equations

xiw =Xx] + X2, x§1> = XU + X2, x§1> = x3u’ +x3, y| =X, Y2 = X3 (34)

that define the backward shifts

R P Sy LD xulh —x, LD (x3 —x)ul™ —x3 + 2,
oo 72 o T w0 = D (D)2

Compute the total differentials dyﬁj_”,i,j = 1,2, obtaining dy; = dxy, dyi1> = dx;+dx;, dy, = dxa,
dy{" = dx; + uldxs + 2xsudu. So, the system (34) is observable with the observability indices
p1=2,p=1

Compute the vector fields E; and E, according to (10). First, find E; from (dy;,E;) = 0,

<dy§1>,51> = 1, (dy2, E1) = 0, which yields

_ 9
l_axz'

[1]

The equations to compute E; = 22:1 £40/0x4 now consist of two equations (dy,Zs) = &1 = 0,
(dy,, Bp) = &3 = 1, whereas the number of unknown functions is three, resulting in
0 0
Ey=&E0)—+ —,
2 =&(x) o o
where the unknown function &; is a function of the argument x only by the condition (ii) of Theorem 8.
Compute also
3
(- _ <dx<—1> = >i:ﬁ+i+i
1 qZ:; a =l dxg Ox;  Oxp  Oxz

Define &; so that the condition (i) is satisfied, meaning that all three vector fields commute:

- 0& 0 (-1)x - —(-)x 0  0&  0&) 0
H,E)]=——=0,[5,E2 =0, (5,2 =—|—+—=—+=]—=0. 35
[E1, ] O0x7 0x, [ b= ] [ 2= ] 0x1 * 0x> * O0x3 ) 0x, 35)

From (35), it immediately follows that all Lie brackets identically equal zero only if &; is an arbitrary
function of the argument x| — x3. For simplicity, take & = 0, which results in E; = d/dx3.

Define the new coordinates X = W(x) by (21) as the canonical parameters of Ei_] >”, E; and Ej:
X1,1 =x1,X12 = x2 —x1, X2,1 = x3 —x;. The inverse transformation is x| = X1 1, x2 = X1,1 + X1.2,

x3 = X1,1 + X2,1. In the new coordinates, the state equations read
X\ =Xia+2y, X5 =yi-1), X5 =yl -y, (36)

The equations (36) are similar to the observer form (7), except that now X | # y2,but Xo 1 = y2—y1.
The reason lies in the following. The validity of (iii) for i = j = 2 is not guaranteed since

0
<dy§1>,51> = <clx2 + uzdm + 2x3udu, (9_xz> =1=z0.
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6. Conclusion

The paper studied the problem of transforming, by the state transformation, the multi-input multi-
output discrete-time nonlinear state equations into the classical observer form. The necessary and
sufficient solvability conditions were given that generalize those from [15,16] for the single-output
case. The extension was not straightforward; quite the opposite, it was a challenging task in many
extension steps. First, it was not obvious how to generalize (from the single-output case) the equations
that define the vector fields Ey, k = 1, ..., p, in terms of which the main theorem is formulated.
Second, and more important, is the fact that, in general, the vector fields E;, are not uniquely defined,
unlike in the single-output case. The only exception is when all the observability indices are equal.
Thus, even if a particular set of the vector fields Ex (fixed solution) fails to satisfy the conditions
of Theorem 8, there may still exist another solution that fulfils the conditions. The method to
construct the required state transformation was also given. The obtained conditions address a larger
class of systems than the earlier conditions. The comparison with the earlier results was also done.
An interesting research perspective is to extend the results of this paper to the case where, instead of
the state transformation, a parametrized state transformation that depends on a few known past input
values, called the parameters, is used.

Data availability statement
All data are available in the article.
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Mitme sisendi ja valjundiga diskreetse mittelineaarse juhtimissusteemi
klassikaline vaatlejakuju

Arvo Kaldmae, Vadim Kaparin, Ulle Kotta, Tanel Mullari ja Maris Ténso

Artikkel kasitleb mitme sisendi ja valjundiga mittelineaarsete diskreetaja olekuvorrandite olekuteisendusega
viimist klassikalisele vaatlejakujule. Tarvilikud ja piisavad geomeetrilised lahenduvustingimused on esitatud
vektorvéljade kaudu. Leitud tulemused Uldistavad varasemaid mitmes aspektis: esiteks on tulemused raken-
datavad ka mittepddratavatele siisteemidele; teiseks kehtivad need peaaegu koikjal, mitte ainult siisteemi
tasakaalupunkti imbruses. Uldistused on véimalikud tinu teistsuguse matemaatilise aparatuuri kasutamisele.
Piisavuse tdestus annab Uhtlasi meetodi olekuteisenduse leidmiseks. Tulemusi illustreeritakse kahe naite abil.
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ABSTRACT

The use of local sheep wool in Estonia —and consequently, sheep farming — has declined since
the mid-20th century due to the increased availability of synthetic fibres and the import of
finer, higher-quality wool. Nevertheless, it is possible to produce high-quality textiles from the
more uneven local wool, indicating the need to revalue Estonian local wool and the textiles
produced from it. There is limited research on Estonian local sheep wool (Estonian Darkhead,
Estonian Whitehead, Kihnu Native sheep) fibre properties and no data on the combined effect
of these fibre properties on textile material properties in various stages of textile production,
such as yarn, knitted material, and knitted felted material. Therefore, specific fibre properties
- including fibre length, linear density, diameter, cuticle scale height, and scale frequency -
were analysed, and their combined effects on yarn, knitted material, and knitted felted material
properties were evaluated. For comparison, wool from locally raised Mérinos dArles sheep
was also analysed. The results showed that the fibres from the wool of Estonian breeds were
more uneven, coarser, and longer, with higher linear density and lower cuticle scale frequency.
However, yarns produced from these fibres demonstrated greater tensile properties. Material
properties were influenced both by fibre and yarn properties.

1. Introduction

Sheep fleeces can be classified into three categories based on wool fibre types
and their parameters [1,2]. These are archaic wool types with coarse overcoat wool
hair, wool with transitional wool fibres, and fine wool. Hair sheep form a separate
category [1]. Different wool types are used for different applications according to
fibre properties. However, wool with less desirable properties — such as coarse and
uneven fibres — is often left unused.

Estonian local wool is an undervalued bioresource, primarily due to its less desired
properties. A significant portion of this wool is discarded, while at the same time,
twice as much wool is imported for local textile production. The reason has been
found to be the absence of a wool grading and purchasing system, as well as the
absence of scouring facilities in Estonia [3—5]. To establish a functioning wool system,
it is essential to understand the properties of local wool fibres and their effects on
textile characteristics. However, in the case of Estonian sheep breeds’ wool, research
on fibre, yarn and textile properties, and their relationship is insufficient [6-9].

To enhance the use of Estonian wool and to develop a viable wool system, the
influence of fibre properties on yarn and textile materials must be studied — the wool
grading system should be based on fibre properties and possible applications of these
fibres. Therefore, the aim of the study was to compare the properties of Estonian local
sheep wool as fibres, yarns, knitted materials, and knitted felted materials, as well as
to analyse how fibre properties affect textile properties. A possible application of
felted knitwear was outerwear. Merino wool was additionally studied to compare
Estonian breeds’ wool to a desired and widely used wool in textile production. The fol-
lowing sub-sections provide an overview of sheep breeds and wool characteristics
relevant to the study.

1.1. Sheep in Estonia

There are four Estonian sheep breeds: Estonian Native sheep (EML), with subgroups
Kihnu, Ruhnu, Hiiu, Saare, and Viru [10,11]; Kihnu Native sheep (KML), an EML
subgroup recognised as a separate breed; Estonian Darkhead sheep (ET); and Estonian
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Fig. 1. Sheep in Estonia: Estonian Native sheep (KML breed) (a), imported sheep Mérinos dArles (b), Estonian Whitehead sheep (c), and
Estonian Darkhead sheep (d). Photos by the authors.

Whitehead sheep (EV). The latter two were developed from
EML sheep. In addition, many foreign breeds have been im-
ported historically to meet the demand for fine wool [12,13].
Estonian sheep breeds are shown in Fig. 1.

EML sheep, native to Estonia [14,15], exhibit many
aboriginal characteristics. Their wool is double-layered, con-
sisting of an undercoat and overcoat and may also contain
transitional wool fibres — coarser undercoat fibres with the
properties of overcoat fibres. The undercoat contains fine,
high-crimp fibres (1040 um), while the overcoat fibres are
coarser and low-crimp (over 40 um) [10]. EV and ET sheep
were cultivated from EML sheep. Breeding began in 1926, and
in 1958, both EV and ET were officially recognised as distinct
breeds [16]. Both breeds produce transitional wool [1], and
their wool has been characterised as having even quality and
normal crimp [16].

1.2. Wool fibre properties

The properties of wool fibres are of great importance, as they
influence the production of textile materials and the properties
of the resulting yarns and textiles. Fibre properties vary among
wool types and sheep breeds and are affected by breeding,
living conditions, and nutrition [17]. Wool fibres typically range
from 38 to 380 mm in length. A fibre length of 50-120 mm
enables economical yarn manufacturing [18]. Fibre diameter
is the primary parameter used for grading and pricing wool
[19,20]. According to the micron system — the most technical
classification — wool is categorised as fine (<22.04 um), me-
dium or semi-fine (22.05-30.99 um), coarse (31.00-36.19 pm),
and very coarse (>36.20 um) [19]. Fibre fineness often de-
termines the end use, as fibres with diameters over 30 um
may cause skin irritation and are therefore generally not used
in apparel [20]. Crimp in wool fibres is associated with their
mechanical properties [21]. The effect of crimp on fibre be-
haviour has been studied by Barach and Rainard [21], who
have stated that the increase in crimp highly reduces the
tensile strength of a fibre or yarn. Crimp also affects felting
rate [22—24]. EML sheep wool is low-crimp, sometimes less
than 1 cr/cm [12]. ET and EV wool have been characterised
as having normal crimp [6], approximately 3—4 cr/cm [16].
Merino wool, in contrast, is high-crimp, usually exceeding
7 cr/em [16,25]. The wool fibre cuticle consists of cuticle
cells or scales with serrated edges. Scale frequency refers to
the number of scales per 100 pm fibre length, often expressed
as the number of scales per unit area or as an index in relation
to the fibre diameter. Scale height indicates the height of the
serrated scale edge above the underlying scale [26-29].

Both scale frequency and scale height influence felting ten-
dency [26,27].

There has been little research on the fibre properties of
local sheep breeds. While material properties have been
assessed, fibre and yarn properties have not been widely
studied, nor has their impact on material properties been
thoroughly analysed. The relevant research is discussed below.

During the Soviet era, EV and ET wool were classified as
crossbred wool of the 56 quality class (27.1-29.0 um) [16].
A more detailed study of EV and ET wool was conducted in
the 1990s by Kaie Zarens (now Ahlskog) [6]. Although the
research focused on breeding, it provided comparative data.
The average fibre diameter for EV wool was found to be
30.5 um, while ET fibres were coarser, with an average
diameter of 35.7 um [6]. A more recent study was carried out
at Pallas University of Applied Sciences (Tartu, Estonia) in
2019 [7]. In addition to examining the effects of sorting and
processing, the study measured the fibre diameter of EML
sheep wool. Fibre fineness was determined with an accuracy
of £5 um. Ten fibres were measured from the sorted wool by
wool type. The results showed that EML sheep wool fibre
diameters ranged from 18 to 60 um, with the average values
as follows: lamb wool 37 um, neck wool 31 um, breech wool
32 um, and coarse wool 52 um [7]. The latest research on
Estonian wool fibre parameters was conducted in a co-oper-
ation project between Estonia and Norway [8]. In this study,
linear density was measured for KML, EV, and ET wool
fibres, alongside yarn and material parameters. It should be
noted that the testing environment did not comply with the
standard atmosphere for conditioning and testing: the average
temperature during testing was 26 =2 °C and the relative
humidity was 44 £ 4% [8]. Linear density tests were con-
ducted on unscoured wool samples taken from the sides and
backs of sheep, as well as from slivers. The study determined
the average linear density of unscoured wool as follows:
EV —16.21 dtex, ET — 13.31 dtex, and KML — 12.13 dtex.
For wool fibres sampled from slivers, the average linear
density was as follows: EV — 11.66 dtex, ET — 12.06 dtex,
and KML — 11.15 dtex. The research also noted that linear
density varied between herds [8].

1.3. Wool yarn properties

Three alternative yarn manufacturing systems are used to
produce wool yarns industrially: the woollen (W), semi-
worsted (SW), and worsted (WR) systems [18]. In Estonia,
only the W and SW systems are currently in use. These sys-
tems differ in the number of processing stages, the machinery



used, the suitability for different wool types, and the prop-
erties of the resulting yarns [30]. The W system is the sim-
plest, involving the fewest production stages, while the WR
system is the most complex [18,30]. In W yarns, fibres are
not aligned through a dedicated process, unlike in the SW and
WR systems. Misalignment leads to protruding fibre ends in
W yarns. Additionally, longer fibres can undergo reversals in
direction, contributing less to yarn strength than in a fully
extended position. Consequently, W yarns are generally weaker
than SW and WR yarns, where fibres are aligned. WR yarns
are stronger than SW yarns because short fibres are removed
during combing [30]. W yarns tend to be coarser and exhibit
greater diameter irregularities than SW and WR yarns [18].
Yarns are stronger when the fibres have been combed into a
parallel arrangement [30]. Moreover, fibre strength affects
yarn strength. Bouagga et al. [31], who studied the properties
of Tunisian wool, found that fibre tensile strength, tenacity,
and elongation are correlated with fibre diameter. According
to their research, coarser fibres demonstrated greater strength.

In the Estonia—Norway co-operation project, the tensile
strength of SW yarns made from ET, EV, and KML wool
(with a thickness of 316 m/100 g) was tested. The testing en-
vironment differed from the standard atmosphere for con-
ditioning and testing, with the average temperature being
26+2 °C and the relative humidity 44 + 4% during testing [8].
The average maximum force sustained was 2251.64 cN for
ET, 2217.08 cN for EV, and 2584.47 cN for KML yarns. The
average elongation values were 8.98% for ET, 8.27% for EV,
and 10.18% for KML yarns. The study noted that both the
maximum force sustained and elongation were similar for ET
and EV yarns, while KML yarns extended more and with-
stood a higher maximum force [8].

1.4. Woollen knitted textile structure and its properties

In addition to fibre properties and the yarn production
method, textile properties also depend on the material struc-
ture [32]. Fibre and yarn properties, along with the stitch
density during knitting, affect fabric properties and felting
properties [33].

Pilling is one of the most critical properties for knitted
materials. Pilling formation rate is affected by physical fibre
properties, including tenacity, elongation at break, fibre length,
fibre cross-sectional shape, and linear density. Moreover, the
process is affected by the number of fibre ends, yarn twist,
and fabric structure. Generally, longer staple fibres lead to
less pilling, as fewer fibre ends protrude from the fabric
surface per unit area. Coarser fibres tend to pill less due to
their greater stiffness. Furthermore, fibres with an irregular
cross-section are less prone to pilling because of the difficulty
in bringing fibres to the surface, resulting in greater friction
due to the irregular cross-section [34].

Siiri Nool [9] has compared different wool yarns manu-
factured in Estonian wool mills for producing a knitted felted
product. Natural white SW and W yarns made from local
wool were used. The knitted materials were felted in a wash-
ing machine. Nool evaluated the felting tendency of different
yarns by measuring the dimensional changes of the samples
after felting. Five SW and four W yarns were tested. She ob-
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served that materials knitted and felted from native sheep
SW yarns felt more. These samples lost approximately 35%
in height and 20% in width after felting. Wool yarn samples
shrank by 22% in height and 11% in width. The sample that
felted the least was made from EV and Texel crossbreed
sheep wool [9].

At the Textile Department of Pallas University of Applied
Sciences, research was conducted on the effects of wool
sorting and processing on the properties of yarns and fabrics,
using EML wool as an example. It was found that SW yarn
produced more pills than W yarn made from the same wool.
However, the thickness of yarns varied. Additionally, in the
case of knitted materials, yarns made from finer, high-crimp
fibres exhibited better abrasion resistance [7].

As part of the Estonia—Norway project, both knitted and
knitted felted materials were studied. The mass per unit arca
of the fabrics was measured, and felting shrinkage was
calculated as follows: 17.6% for ET, 23.56% for EV, and
17.18% for KML. The air permeability of these materials was
also tested, and the reduction in air permeability due to felting
was found to be 39.5% for ET, 37.1% for EV, and 52.8% for
KML [8]. Abrasion and pilling resistance were also evaluated.
For the knitted and the knitted felted materials, the average
abrasion resistance was as follows: ET — 80 000 and 41133
rubs, EV — 78 333 and 70 000 rubs, and KML — 60 000 and
65 000 rubs [8], respectively. It was stated that the knitted
felted fabrics had less pilling than the knitted fabrics [8,35].

1.5. Felting tendency of wool fibres, yarn, and textile

Felting is a unique property of various animal fibres, includ-
ing sheep wool. The basic mechanism behind felting in wool
is thought to be the directional frictional effect (DFE) [36].
In addition to DFE, several fibre properties influence the
felting process [26,36-39]. Furthermore, felting is affected
by external conditions, such as felting duration, medium
parameters, and material properties and structure [37,38].
Unal and Atav [26] have noted that fibre properties such
as fineness, length, cuticular height, and cuticle scale fre-
quency affect felting tendency. The combination of properties
determines the felting tendency of certain wool types. Gen-
erally, it is accepted that finer wool fibres felt more than
coarser fibres [26,39]. This is due to the higher bending
rigidity of coarser fibres. However, many researchers have
found that fibre length has an even greater effect on felting
[26,38,39]. Additionally, greater cuticle scale height and scale
frequency tend to increase felting tendency [26,27]. Fibre
crimp also has a significant impact on felting, particularly
when felting is done using wool batts. Many researchers have
found that lower crimp increases the felting rate [22—-24].
Many authors have determined that yarn twist, density of
the woven cloth, and tightness of the knit greatly affect
shrinkage of wool fabrics. Bogaty et al. [40] have stated that
yarns with a higher twist exhibit a lower shrinkage rate, while
plying has no significant effect. Moreover, it was determined
that the denser the knitted material the more shrink resistant it
is [40]. The same applies to woven cloth [41]. Van der Vegt [38]
further observed that yarns with lower twist require less
mechanical action to start felting. This suggests that in-
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creasing tension within a yarn or a yarn component (sliver or
slubbing) reduces the rate of felting. Additionally, it has been
found that SW yarns felt more readily than W yarns. This is
because in SW and WR yarns, fibre crimp has largely been
removed through gilling and combing. In contrast, W yarns
retain more fibre crimp due to their bulkiness and the less
aligned arrangement of fibres [37].

2. Materials and methods
2.1. Materials

In this study, wool fibres from three Estonian local sheep
breeds were studied — Estonian Darkhead (ET), Estonian
Whitehead (EV), Kihnu Native (KML) — and compared to
those of a fourth breed, the locally grown Mérinos d’Arles
(MRA). All abbreviations are listed in Table 1.

The aim was to give an overview of the properties of the
selected wool types as fibres, yarns, and textiles, and to
analyse how fibre properties affect textile properties. For
testing, fibres per breed were obtained from a single herd.
Therefore, the results do not give an overview of the average
wool properties of each breed. Wool was collected from the
following farms in Estonia: ET — Sireli farm, EV — Murese
farm, KML — Onnekivi farm, and MRA — Ala-Mahkli farm.

All wool used in the experiments was white and scoured in
Viljandi Vilma Wool Laboratory prior to testing. Approxi-
mately 10 kg of wool was collected from each farm. In all
cases, the wool had not been sorted by quality. It was
scoured to yield at least 5 kg of usable fibre for textile pro-
duction. Wool was scoured in a semi-industrial washing
machine Electrolux W5105S, using special wool scouring
programmes. Scouring contained a rinsing and a washing
cycle. The detergent ‘Pro-fit Wool’ by Cole & Wilson was
used. ET, EV, and KML fibres were rinsed for 15 min in
60 °C water using 25 mL of detergent per 1 kg of wool. For
MRA fibres with clean fibre bundle ends, the rinsing
programme was the same, but 50 mL of detergent per 1 kg of
wool was used. MRA wool with dirty fibre bundle ends was
rinsed and soaked by hand three times for a total of 20 min in
40 °C water using 30 mL of detergent per 1 kg of wool. Wash-
ing was conducted at 60 °C for 75 min with 50 mL of deter-
gent per 1 kg of wool.

A total of eight yarn types were produced. From each
wool type (ET, EV, KML, MRA), two yarn types were
spun —a W and a SW yarn. The photos are shown in Table 2.
WR yarns were not produced, as no WR mills operate in
Estonia. Yarn thickness was selected based on the most com-
monly produced size in Estonian wool mills: 8/2 yarn (com-

Table 1. Abbreviations for wool types, yarn production methods, and yarn types

Wool type by sheep breed | Abbreviation | Yarn production method | Abbreviation | Abbreviations for yarn types
Meérinos d’Arles sheep MRA semi-worsted SW SW_MRA
SW_ET
Estonian Darkhead sheep ET SW_EV
SW_KML
Estonian Whitehead sheep EV woollen W W_MRA
W_ET
Kihnu Native sheep KML W_EV
W_KML

Table 2. Produced yarns by wool type and yarn type; photos by digital microscope Dino-Lite, magnification 30x

Wool type —
Yarn type |

SW




mercial value) was manufactured. Analysing the same wool
types as different yarns aided in understanding which yarn
and material properties were affected either by the fibre
properties or by the yarn structure. W yarns were produced
in Stivahavva wool mill (an old mule spinning machine park
from 1890), and SW yarns were spun in Vilma wool labora-
tory (machine park by Ramella). All yarns were held in skeins
prior to testing to avoid stretching.

Plain knit specimens from each yarn type were produced
using a Nika KH-868 knitting machine, class 5. Yarn tension
was adjusted to suit the yarn thickness; stitch tension was set
to the lowest possible level for knitting each yarn type — 10°.
The appropriate felting method was determined by reviewing
various studies [9,42—44] and conducting preliminary experi-
ments. The selected felting method, detailed in Table 3, was
suitable for felting small specimens. The knitted materials
made from W and SW yarns of each wool type were felted to-
gether in a domestic washing machine (Samsung WF0600NCW)
using the same amount of detergent during each washing cycle
(W yarns contained some carding oil even after the initial yarn
scouring). Photos of the knitted and knitted felted materials
are shown in Table 4.

Table 3. Felting parameters
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2.2. Methods

The standard test methods used in this study are presented in
Table 5

All tests — except for fibre diameter, cuticle scale fre-
quency, and scale height — were conducted in the standard
atmosphere for conditioning and testing, at 20.0+2.0 °C and
65.0 +4.0% relative humidity, in accordance with EVS-EN
ISO 139:2005/A1:2011. Sampling followed EVS-EN 12751:2000.
For fibre tests, a 50 g laboratory sample was taken from each
wool type, from which a 1 mg test sample was obtained
through mixing and halving.

Fibre properties were assessed to evaluate both the felting
behaviour and the mechanical properties of the yarn and the
material.

Fibre diameter was measured from 60 individual fibres
per wool type. Fibres were cut to a suitable length, spread on
a slide and examined under an optical microscope (Axioskop 2
by Zeiss).

Fibre length was measured from a total of 150 individual
fibres per wool type. A single fibre was measured between
forceps. The fibre was extended to remove crimp without
stretching.

Felting parameters First felting cycle | Second felting cycle
Temperature, °C 40 40
Time, min 65 65
Centrifuge, rev/min 1000 1000
Wool shampoo by Orto, mL per 100 g of material 15 0

Table 4. Photos of the knitted and knitted felted materials

Yarn | Material

type | type

Knitted
material

SW

Knitted felted
material

Knitted
material

Knitted felted
material
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Table 5. Standard test methods

Textile Parameter Standard test method
material
Fibre Diameter Microscopic observation
Length ASTM D5103-07(2018) — Standard test method for length and length distribution of manufactured

staple fibers (single-fiber test) [45]

Linear density
and vibroscope method [46]

EVS-EN ISO 1973:2021 — Textile fibres — Determination of linear density — Gravimetric method

Cuticle scale frequency [Microscopic observation

Cuticle scale height Microscopic observation

Yarn Linear density

EVS-EN ISO 2060:2000 — Textiles — Yarn from packages — Determination of linear density
(mass per unit length) by the skein method; options 1 and 4 [47]

Twist

EVS-EN ISO 2061:2015 — Textiles — Determination of twist in yarns — Direct counting method [48]

Tenacity and
elongation

EVS-EN ISO 2062:2010 — Textiles — Yarns from packages — Determination of single-end breaking
force and elongation at break using constant rate of extension (CRE) tester; method C [49]

Yarn evenness

Testing: ASTM D2255-02 — Standard test method for grading spun yarns for appearance
Grading: CSN 80 0704:1973 — Determination of thread appearance [50]

Knitted / |Mass per unit area

EVS-EN 12127:2000 — Textiles — Fabrics — Determination of mass per unit area using small samples [51]

lf(nlitttgd Air permeability EVS-EN ISO 9237:2000 — Textiles — Determination of permeability of fabrics to air [52]
elte
material | Thickness EVS-EN ISO 5084:2000 — Textiles — Determination of thickness of textiles and textile products [53]

Pilling resistance

EVS-EN ISO 12945-2:2020 — Textiles — Determination of fabric propensity to surface pilling, fuzzing
or matting — Part 2: Modified Martindale method [54,55]

Abrasion resistance

EVS-EN ISO 12947-2:2016 — Textiles — Determination of the abrasion resistance of fabrics by the
Martindale method — Part 2: Determination of specimen breakdown [56]

Fibre linear density was measured from 100 fibres per wool
type. A single fibre was fixed to a vibroscope (Vibroskop by
Lenzing) under a suitable tensioning force using tensioning
force clips.

Fibre cuticle scale frequency and scale height were mea-
sured by scanning electron microscopy (SEM). Microscopic
observation was based on established techniques used in
previous studies [26-29]. Five fibres were analysed per wool
type. Prior to imaging, the fibres were prepared by removing
the crimp without stretching them. The specimens were coated
with a gold-palladium layer using a Jeol Fine Coat lon Sputter
JFC-1100, with a coating time of 2 min 30 s. SEM imaging
was performed using a Thermo Scientific Phenom XL scan-
ning electron microscope at an accelerating voltage of 5 kV.
Scale frequency was measured from one position on each
fibre (Fig. 2a). For this, the number of scales per 100 pm fibre
length was counted — fully visible scales were counted as 1.0,

partially visible ones as 0.5. The fibre diameter at the meas-
ured position was also recorded. For comparison, the es-
timated number of scales per 10 000 um? was calculated.
Scale height was determined from two scales per fibre with a
total of 10 measurements (Fig. 2b).

Yarn properties were assessed to characterise material
performance and felting behaviour. W yarns contained card-
ing oils and required washing prior to use, unlike SW yarns.

Yarn linear density was measured from 10 skeins per yarn
type, skein length being 10.000+0.0025 m. Each conditioned
test skein was weighed using a Mettler AE 200 balance. The
linear density 7¢, was then calculated using Eq. (1):

me x 103 (1)

Tt, = T

where T%,1s the linear density (tex), m. is the mass of the con-
ditioned test skein (g), and L is the length of the skein (m) [47].

Fig. 2. SEM images: measuring the number of scales per 100 um fibre length (a) and measuring scale height (b).



Yarn twist was determined from 10 specimens with a
length of 60 cm from each yarn type. A specimen was fixed
between the clamps of a twist counter, with a gauge length
set to 500.0 £ 0.5 mm. The twist was removed and counted
by turning a rotatable clamp. The average twist per test speci-
men z, was calculated using Eq. (2):

te =" @)
where ¢, is the average twist (turns/m), / is the length of the
test specimen before untwisting (mm), and x is the total
number of turns observed in the test specimen [48].

Yarn tensile properties were tested on 10 specimens per
yarn type. The gauge length of the tensile testing machine
Instron 5866 was set to 500 =2 mm, and the length of the
specimens was at least 100 mm longer. The specimen was
clamped between the parallelly aligned test machine jaws
with a pretension of 0.5+ 0.1 cN/tex. Each specimen was
extended until rupture. The extension rate of the moving
clamp was set to 500 mm/min. A load cell with a maximum
capacity of 500 N was used. Breaking force and elongation
at break were recorded using the Instron Bluehill software.
Breaking tenacity, expressed in centinewtons per tex, was
calculated using Eq. (3):

B=1 (3)

where B is the tenacity (cN/tex), F is the breaking force (cN),
and 7 is the linear density (tex) [49].

Elongation at break, expressed as a percentage, was cal-
culated using Eq. (4):

e =$ x 100%, @)
0

where ¢ is the elongation (%), A/ is the elongation at break (cm),
and /; is the initial length of the specimen under pretension
at the beginning of the test (cm) [49].

Yarn evenness was tested in accordance with the standards
aimed for testing single spun cotton yarns but were deemed
suitable for assessing wool yarns. Yarn boards (standard ref-
erence photos) were used for evaluation, graded from A (even
yarn) to F (uneven yarn) [50]. For evaluation, the specimens
were wrapped around a black surface in equally spaced turns.
One specimen from each yarn type was assessed from both
sides of the board in a VeriVide colour assessment cabinet
under the artificial daylight D65. Bunches, covers, fuzz, neps,
slubs, and thick and thin places were assessed. If the two sides
of a specimen differed in appearance, the lower grade was
assigned according to the standard.

Material properties — including stitch density, mass per
unit area, air permeability, and thickness — were measured to
assess felting behaviour. Pilling and abrasion resistance were
also evaluated to assess material durability.

Mass per unit area was measured from five specimens per
material. For each specimen, three length and three width
measurements were recorded, and mean values were cal-
culated. The area of each specimen was then determined from
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the mean values. Each specimen was weighed using a Mettler
AE 200 balance. Mass per unit area M was calculated using

Eq. (5):

— m X 1000 (5)

M )
A

where M is the mass per unit area (g/m?), m is the mass of a
test specimen (g), and 4 is the area of the same test speci-
men (cm?) [51].

Air permeability was measured 20 times at different
locations on each material using the FX 3340 MiniAir device,
with a measuring range of 15-1500 1/m?/s on a test area of
20 cm?. A pressure drop of 100 Pa was applied. One side of
each specimen was tested.

Thickness was measured from 10 different spots on each
material. For testing, the specimen was placed undistorted on
the reference plate of a Hans Schmidt & Co GmbH thick-
ness gauge DD-50-T. The presser-foot, applying a pressure
of 1+0.01 kPa, was lowered onto the specimen, and the
gauge length reading was recorded after 30+ 5 s.

Pilling resistance was tested on three specimens per
material on James Heal 5-position Martindale abrasion testing
machine. The test specimen holder, guide spindle, and holder
ring had a mass of 155+ 1 g. The assessment of pilling and
fuzzing was performed visually after a defined number of
pilling rubs (125, 500, 1000, 2000, 5000, and 7000) and
graded from ‘5’ (no change) to ‘1’ (greatest change) [54,55].
Visual assessments were conducted under the artificial day-
light D65 in the VeriVide colour assessment cabinet.

Abrasion resistance was tested on three specimens per
material on James Heal 5-position Martindale abrasion test-
ing machine. The abrasion load parameters were set accord-
ing to the apparel fabrics (9 kPa). Foam backings were not
used. The test was conducted until 36 000 rub cycles were
completed (a premium requirement for outerwear coat fab-
rics [57]). Visual assessments were done under the artifi-
cial daylight D56 in the VeriVide colour assessment cabinet
after every 1000 rubs (up to 6000), 2000 rubs (from 6001 to
20 000), and 5000 rubs (from 20 001).

Felting tendency was evaluated by examining the in-
fluence of fibre properties on yarn characteristics and by
comparing the properties of knitted and knitted felted ma-
terials.

3. Results and discussion

3.1. Fibres

3.1.1. Fibre diameter

The average fibre diameters of ET, EV, KML, and MRA wool
are presented in Fig. 3. Fibre diameter distributions of ET,
EV, KML, and MRA wool are shown in Figs 4—7. MRA wool
exhibited the most uniform fibre diameter distribution across
the wool batch, indicating consistency both between animals
and within individual fleeces. In contrast, the other wool types
showed broader distributions with multiple diameter range
groups. On average, ET and EV fibres were very coarse, meas-
uring 42.0 + 8.8 m and 41.6 £ 8.4 pum, respectively. KML fibres
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Fig. 6. Fibre diameter distribution of Kihnu Native (KML) sheep wool.

68.1-69 N

were coarse, with an average diameter of 34.3 £ 9.2 um.
MRA fibres were semi-fine, 23.7 + 4.1 um (according to the
Soviet time system — fine, < 25.0 pm [16]). Optical micro-
scopy revealed that 16.7% of the measured EV fibres were
medullated, which affected the fibre linear density measure-
ments by reducing fibre mass. The high linear density of

KML fibres may be attributed to morphological differences,
although these were not examined in this study.

The average fibre fineness of ET and EV wool, compared
to the results from previous research, was coarser. Respect-
ively, ET and EV average fibre fineness was 13.0 and 12.6 um
coarser compared to the measurements from 1980 [16], and
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Fibre diameter, um

Fig. 7. Fibre diameter distribution of Mérinos dArles (MRA) sheep wool.

6.3 and 11.1 pm coarser compared to the measurements from
the 1990s [6]. The fineness of the KML wool measured in
this study was broadly consistent with the results from Pallas
University of Applied Sciences [7].

3.1.2. Fibre length

The average fibre lengths of ET, EV, KML, and MRA wool
are presented in Fig. 8. Fibre length distributions are shown
in Figs 9-12. EV and MRA wool exhibited a single prominent
peak in their distributions, indicating a relatively uniform
fibre length within and between fleeces. The broader dis-
tribution observed in EV wool may be attributed to ongoing
breeding efforts. In contrast, the fibre length distributions of
ET and KML wool displayed multiple peaks, suggesting
greater variability within the wool batches. EV wool contained
the longest fibres, with an average length of 136 + 34 mm.
The average length of the other fibres was: KML 124+41 mm,
ET 121 £31 mm, and MRA 102 £+ 23 mm. MRA wool was
the most uniform. EV and ET wool was not as even, likely
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Fig. 8. Average fibre length.
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Fig. 9. Fibre length distribution of Estonian Darkhead (ET) sheep wool.
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due to ongoing breeding — animals with varying wool quality
exist within the same herd.

A 1980 study reported the average fibre length of both ET
and EV wool as 106 mm [16]. The average fibre lengths
measured in the current study were 15 mm and 30 mm longer,
respectively. No previous data were available for KML wool.

3.1.3. Linear density of wool fibres

The average fibre linear density of ET, EV, KML, and MRA
wool is presented in Fig. 13. Among all the samples, MRA
wool exhibited the most uniform linear density. EV fibres
were the most uniform among the Estonian breeds, though
their distribution was still broader than that of MRA.
Similarly to the fibre length results, ET and KML wool fibres
showed broader distributions with multiple linear density
groups, which once again was probably due to the variety of
fibres in the wool batch. Linear density measurements in-
dicated that, on average, KML wool fibres were the coarsest,
19.1 + 7.4 dtex, followed by ET, 18.7 + 4.8 dtex, and EV,
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16.6 = 3.7 dtex. The linear density of MRA wool fibres
was the lowest and therefore indicated the finest fibres,
6.5+ 1.7 dtex.

The average linear density values obtained in this study
were higher than those reported in the Estonia—Norway co-
operation project, which measured unscoured wool [8].
However, the conditioning and testing conditions in that
project differed from the standard atmosphere. The average
linear density of the ET, EV, and KML wool measured in the
current study was 5.39, 0.39, and 6.97 dtex higher, respect-
ively. These differences may result from variations in herds,
sampling methods, or testing environments.

3.1.4. Fibre cuticle scale frequency and cuticle scale
height

The average fibre cuticle scale frequency and cuticle scale

height are summarised in Table 6. These parameters have not

previously been measured on Estonian wool. Representative

SEM images are presented in Fig. 14. The results indicated

Table 6. Cuticle scale frequency and scale height
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that finer fibres generally exhibited a higher scale frequency
than coarser ones — with the exception of EV wool. This
observation contrasts with the findings of Raja et al. [27],
who reported no significant difference between coarse and
semi-fine fibres. The estimated average number of scales
per 10000 um? ranged from 37.9+7.0 to 46.4+12.9. The aver-
age scale height was greater in finer wool types — again
with the exception of EV wool. EV fibres exhibited highly
serrated scale edges, distinguishing them from the other
wool types. The average cuticular scale height ranged from
0.63+0.18 t0 0.88+0.41 um.

3.2. Yarns

3.2.1. Yarn linear density

The average yarn linear density is summarised in Fig. 15.
For SW yarns, the linear density ranged from 346+ 10 tex to
424+ 16 tex, and for W yarns, from 460+ 54 tex to 478 + 28 tex.
W yarns exhibited higher linear density values compared to
SW yarns — a difference attributed to the variation in produc-

Wool | Average number of scales per| SD | Average estimated number of | SD |Average scale height, pm| SD, pm
type 100 um fibre length scales per 10 000 pm?

ET 18.0 2.9 37.9 7.0 0.63 0.18

EV 18.1 5.5 394 7.9 0.88 0.41

KML 17.2 3.8 39.6 9.5 0.71 0.32

MRA 9.8 2.2 46.4 12.9 0.75 0.18

Fig.14. SEM images of examples of wool fibres.
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Fig. 15. Linear density of yarns.
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tion methods. SW yarns differed between each other; in W
yarns differences or irregularities occurred within the yarns
themselves.

SW yarns varied due to the following reasons: during pin
drafting of the slivers drafting times varied, drafting rate had
to be regulated constantly, and sliver breakage occurred oc-
casionally, influencing the consistency of sliver thickness.
Consequently, yarn thickness had to be adjusted and com-
pared visually during spinning, causing differences between
yarns. In W yarns, unevenness mainly occurred due to out-
dated machinery. The average linear density of W yarns was
more similar since the weight of the wool batch (which was
similar for all yarns) largely determined yarn thickness.
Among all yarns, the SW_KML yarn had the lowest linear
density (346 + 10 tex), while the W_EV yarn had the highest
(478 +28 tex). In the following figures, a darker shade of grey
indicates SW yarns and lighter shade W yarns.

3.2.2. Yarn twist

All the produced yarns exhibited a twist direction of Z (right-
hand) in one-ply and S (left-hand) in plied form. The mean
twist of different yarn types is presented in Fig. 16. The aver-
age yarn twist ranged from 146.5+5.2 to 178.0+£10.7 turns/m
for SW yarns and 163.8 4+ 11.3 to 179.8 + 11.6 turns/m for
W yarns. Variability among SW yarns occurred between dif-
ferent yarn types, whereas in W yarns, irregularities were
observed within individual yarns. When comparing the yarns
by wool type, the average twist was similar between the two
production methods, with W yarns exhibiting slightly higher
twist values. The yarn with the lowest twist was SW_KML
(146.5 5.2 turns/m), while the highest twist was observed
in W_MRA (179.8+11.6 turns/m).

250

200 |
I

150 | I T

100

Twist in yarns, turns/m

vl
o
T

SW_ET SW_EV  SW_KML

Fig. 16. Twist in yarns.
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Fig. 17. Yarn breaking tenacity.
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3.2.3. Yarn tensile properties

The average breaking tenacity of yarns (Fig. 17) ranged
from 4.6+ 0.2 to 6.4+ 0.7 cN/tex in SW and 2.3+0.3 to
4.2+0.2 cN/tex in W yarns. Tenacity was higher in SW yarns,
since parallelly aligned fibres are harder to pull out of a yarn.
For both SW and W yarns, the tenacity values followed the
same order by wool type, suggesting correlation with fibre
properties. No correlation was found between wool fibre
diameter and yarn tenacity, contrary to findings by Bouagga
etal. [31]. The absence of correlation may be attributed to the
high variance in fibre diameter.

Yarn tenacity was influenced by fibre length and crimp
(visual assessment). Yarns produced from KML fibres ex-
hibited the highest average tenacity within both produc-
tion categories (SW_KML 6.4+ 0.7 cN/tex and W_KML
4.2 +0.2 cN/tex). KML fibres were the second longest and con-
tained few medullated fibres. In contrast, MRA yarns showed
the lowest tenacity values (SW_MRA 4.6 +0.2 cN/tex and
W_MRA 2.3+0.3 cN/tex). Additionally, MRA average fibre
length was the shortest. Moreover, fibre crimp influenced
tenacity. KML fibres had the lowest and MRA fibres the
highest crimp. Decrease in length and increase in fibre crimp
reduced the strength of a yarn. The same was stated by Barach
and Rainard [21].

Elongation at break of the different yarn types (Fig. 18)
did not follow a clear pattern. The average elongation at break
ranged from 23 +3% to 31+5% in SW and from 24 + 3% to
27+3% in W yarns. Nevertheless, the order by wool type was
consistent in both production methods: yarns made from
KML fibres had the highest elongation at break (SW_KML
31+5% and W_KML 27 +2%), followed by MRA, EV, and
finally ET yarns. The reason, once again, could have been

W_ET W_EV W_KML  W_MRA

W_ET W_EV W_KML  W_MRA
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Fig. 18. Elongation at break of yarns.

fibre morphology. To make further conclusions regarding
elongation and tenacity, broken specimen ends and morpho-
logical properties of fibres should be assessed. In both yarn
production categories, KML yarns demonstrated the highest
values of both tenacity and elongation at break.

Yarn tensile properties (maximum force and elongation)
have previously been studied in the Estonia—Norway co-
operation project [8]. Compared to the current research, the
order of data by fibre type for average elongation at break
was similar — native sheep yarn was the strongest and ex-
hibited the greatest elongation. ET and EV results were simi-
lar to one another, yet the yarns were not as strong and
elongated less. However, the results themselves differed — in
the current study, maximum force was recorded to be lower
and elongation much higher. This discrepancy is likely due
to differences in testing and conditioning environments. The
Estonia—Norway project employed higher temperature and
lower humidity levels compared to the standard atmosphere.
When humidity is higher (as in the standard atmosphere), then
the strength of wool decreases and elongation increases.

3.2.4. Evenness of yarns — grading yarns for appearance
Grades for yarn evenness are summarised in Table 7. Overall,
W yarns were more uneven, primarily due to the production

SW_MRA
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W_ET W_EV W KML  W_MRA

process — in W yarns, fibres were not aligned along the yarn
axis through a dedicated alignment process, which can lead
to fibre reversals and, consequently, irregularities in the yarn
structure. In SW yarns, fibres were aligned by a separate gil-
ling process, thereby reducing irregularities inside yarns.
Among the SW yarns, the one produced from MRA fibres
was the most uneven, likely due to difficulties encountered
during processing.

3.3. Fabrics
3.3.1. Mass per unit area of knitted and knitted felted
materials
As a result of felting, the material becomes thicker and
denser, leading to an increase in mass per unit area. Con-
sequently, the area of the specimen decreases during felting.
Dimensional change of the specimens is presented in Figs 19
and 20. Due to the felting process, the properties of knitted
felted materials differ from knitted materials. Therefore, they
can be used to assess felting shrinkage. Felting shrinkage is
further discussed in Subsection 3.3.6.

The results of mass per unit area are presented in Fig. 21.
The average mass per unit area ranged from 400 + 14 to
600 =41 g/m? in the knitted and 555 to 1186 g/m? in the
knitted felted materials. As SW yarns had a lower linear

Table 7. Yarn evenness graded from two sides of a yarn board, from A (even) to F (uneven)

Side No. Grade by yarn type
SW ET | SW EV |SW KML |[SW MRA| W ET | W EV | W KML | W MRA

1 B C C E D D C D

2 C D B D D D C D

Overall grade C D C E D D C D
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Fig. 19. Dimensional change of the knitted and knitted felted
materials after felting, lengthwise (a single large specimen was
felted).

Fig. 20. Dimensional change of the knitted and knitted felted
materials after felting, widthwise (a single large specimen was
felted).
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Fig. 21. Mass per unit area results of the knitted and knitted felted materials. In the case of the knitted felted materials, a single specimen

was felted and therefore the standard deviation cannot be shown.

density, the knitted fabrics produced from these yarns were
lighter. The knitted materials made from W yarns were heavier.
Additionally, the evenness of yarns influenced the uniformity
of the knitted material. In all the cases, mass per unit area
increased after felting. The knitted felted materials made from
SW yarns exhibited higher mass per unit area compared to
those made from W yarns of the same wool type. The knitted
felted materials produced from KML fibres had the highest
mass per unit area — 1186 g/m? for SW_KML and 863 g/m?
for W_KML. The knitted felted materials produced from ET
fibres had the lowest mass per unit area — 659 g/m? for
SW_ET and 589 g/m? for W_ET. Change in mass per unit
area and dimensional change due to felting are further dis-
cussed in Subsection 3.3.6.

3.3.2. Air permeability of knitted and knitted felted
materials
The results of air permeability of both the knitted and the
knitted felted materials are presented in Fig. 22. The average
air permeability ranged from 612 %88 to >1500 1/m?/s in the
knitted and from 294 + 13 to 979 + 67 I/m?/s in the knitted
felted materials. As all the yarns were knitted using the same
stitch dial density to enable comparison after felting and
fulling, air permeability in the knitted state was primarily
influenced by yarn thickness and the evenness of the yarns.
The materials produced from thinner yarns exhibited higher
air permeability. The knitted materials made from SW_K and
SW_EV yarns exceeded the measuring range of the device
15-1500 1/m?/s.

Air permeability was also measured to characterise the
felting properties of the fibres and yarns. In all the cases,
felting reduced air permeability. A greater decrease in air per-
meability occurred when the specimens’ mass per unit area
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had increased more (specimen had felted more). The lowest
air permeability values were recorded for the knitted felted
materials made from MRA fibres: 294 + 13 1/m?/s for knitted
felted material produced from SW_MRA yarn and 368 + 26
1/m?/s for that produced from W_MRA yarn. This was likely
due to the finer fibre diameter, which resulted in smaller
voids and thus reduced air flow. Change in air permeability
due to felting is further discussed in Subsection 3.3.6.

3.3.3. Thickness of knitted and knitted felted materials
Thickness of the knitted materials is summarised in Fig. 23.
The average thickness ranged from 2.85 £ 0.07 mm to
4.46 £0.12 mm in the knitted and from 5.28 + 0.23 to
8.18 £0.11 mm in the knitted felted materials. Yarn linear
density influenced the thickness of the knitted materials.
In the knitted felted materials, thickness was primarily affected
by felting shrinkage. Increase in thickness during felting was
greater in the materials made from SW yarns. Among the
knitted felted samples, those made from KML yarns were the
thickest — 8.18 +0.11 mm for SW_KML and 6.72+0.16 mm
for W_KML. The knitted felted materials produced from
ET fibres were the thinnest—5.31+0.07 mm for SW_ET and
5.57+0.07 mm for W_ET. Change in thickness is further
discussed in Subsection 3.3.6.

3.3.4. Pilling resistance of knitted and knitted felted
materials

The average results for the propensity to pilling of the knitted
and knitted felted materials are presented in Table 8. All
materials met the premium requirements specified for knitted
materials in Ecodesign criteria for consumer textiles, 2021
edition [57] — grade 3—4 after 2000 pilling rubs and grade 23
after 7000 pilling rubs.

. I
W_KML  W_MRA

W_ET W_EV

Knitted material H® Knitted felted material

Fig. 22. Air permeability results of the knitted and knitted felted materials.
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Fig 23. Thickness results of the knitted and knitted felted materials.

Table 8. Knitted and knitted felted material average pilling results, graded from 5 (no change) to 1 (severe change)

Knitted material average pilling results Knitted felted material average pilling results
No. of Grades by yarn type Grades by yarn type
pilling [sw [sw _[sw [sw [w_ |[w_[wW [w_[sw [sw [sw [sw [w [w [w_ |w_
rubs ET | EV |[KML|MRA| ET | EV |[KML|MRA| ET | EV |[KML|MRA| ET | EV |KML|MRA
125 5 5 5 5 5 5 5 5 5 5 5 4 5 5 5 4
500 5 5 5 4 5 5 5 5 5 5 5 3 5 5 5 4
1000 5 5 4 4 5 5 5 4 4 5 5 3 5 5 5 3
2000 5 4 4 4 5 5 5 4 4 4 4 3 5 5 4 3
5000 4 4 3 3 4 5 5 4 3 4 4 3 4 5 4 3
7000 4 4 3 3 4 4 4 4 3 4 4 3 4 4 4 3

W yarns demonstrated better pilling resistance. This may
be attributed to their higher linear density, which contributed
to a denser structure in the knitted materials. Among W yarns,
which were more similar in the average linear density and
twist, the yarns containing longer fibres had higher pilling
resistance (W_EV, W_KML). These yarns (fibres) also had
higher tenacity. The yarns made of finer fibres produced most
pills (MRA yarns). Moreover, soft-twist yarns (SW_KML)
or the yarns containing un-spun regions (SW_MRA,
W_MRA) exhibited lower pilling resistance compared to the
yarns with higher twist. In these yarns, fibres were not tightly
bound within the yarn structure, which favoured pilling.

During the felting process, lanolin and residual oils from
the yarn production were washed off. This resulted in a hairier
fabric surface, which overall favoured pilling slightly more.
An exception was observed with the SW yarn produced from
KML fibres — in this case, felting compensated for the yarn’s
softer twist, leading to a felted material with improved pilling
resistance.

3.3.5. Abrasion resistance of knitted and knitted felted
materials

All the knitted and knitted felted materials exhibited abrasion
resistance of >36 000 rubs without reaching the endpoint,
thereby meeting the premium requirement specified for coat
and jacket materials in Ecodesign criteria for consumer
textiles [57]. During abrasion resistance testing, pilling de-
veloped on the specimens. The life of the pills appeared to be
influenced by yarn and fibre tenacity, as the order by pill life
corresponded to tenacity values. In the knitted material tests,
the specimens made from MRA and ET yarns exhibited
shorter pill lifespans — these yarns also had lower tenacity
values. Conversely, the materials produced from EV and
KML fibres showed longer pill lifespans — these yarns ad-
ditionally had higher tenacity results.

Pilling was present longer on SW yarns compared to
W yarns. This can be explained by the more parallel align-
ment of fibres in SW yarns, which are therefore harder to pull
out of the yarn. As a result, the phase where open fibre ends
are pulled out of the yarn lasts longer, which lengthens
the pilling phase and also the life cycle of the material.
On the knitted materials made from SW_EV, SW_KML, and
W_KML yarns, pills remained visible for 36 000 rubs. On the
knitted felted materials, pilling was present longer compared
to the knitted ones, and the pills were larger. Few pills were
present at 36 000 rubs on all materials. However, in all the
cases, the fibres protruding from the fuzzy felted surfaces
were eventually abraded away.

3.3.6. Felting shrinkage of knitted and knitted felted
materials

Materials knitted from W yarns might have felted less due
to fibre crimp present in the bulkier W yarns. Additionally,
SW yarns likely felted more as a result of their slightly lower
twist, lower linear density of yarns, and a less dense material
structure (especially SW_KML), all of which have been
associated with increased shrinkage, as noted by Bogaty
et al. [40]. In W_MRA yarn, the dense structure might have
prevented high felting. Furthermore, the results suggested that
felting was influenced by fibre properties, as the felting order
by wool types was the same or similar across both production
methods. KML fibres demonstrated the greatest felting ten-
dency, followed by MRA and EV fibres, with ET fibres
exhibiting the lowest tendency to felt.

Felting tendency was affected by fibre property com-
binations specific to each wool type. KML fibres displayed
the lowest crimp, were among the longest by average fibre
length, contained the longest fibre group, and by fineness
were in between the researched wool types — in reality
classified as coarse. These properties, except for coarseness,
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have been found to enhance felting, including greater fibre
length [26,38,39] and lower crimp [22—-24]. Fine fibres have
been stated to felt more [26,39]. Moreover, KML fibres ex-
hibited the second highest fibre scale frequency, and their
scale height was moderate, similar to that of MRA wool. Both
scale height and cuticle scale frequency have generally been
reported to increase felting tendency [26,27].

It is highly probable that the combination of high fibre
length, low crimp, and high cuticle scale frequency com-
pensated for fibre coarseness in the case of KML fibres. In
contrast, MRA fibres likely exhibited lower felting tendency
due to their shorter fibre length and higher crimp, both of
which are known to reduce felting. The low crimp and long
length of KML fibres may have outweighed the felting po-
tential typically associated with finer fibres. Among the other
wool types, EV fibres exhibited a greater felting tendency
than ET fibres, with ET fibres felting the least. While EV
and ET fibres were similar in terms of diameter (both being
very coarse) and crimp (normal), EV fibres were longer on
average and had the highest cuticle scale height and greater
scale frequency than ET fibres. Both the cuticle scale fre-
quency and height of ET fibres were overall the lowest. These
findings further support the conclusion that fibre length,

cuticle scale frequency, and cuticle scale height positively
influence felting behaviour. Results from all the experiments
are presented in Table 9 and Fig. 24.

Within the SW yarn category, the knitted material
produced from ET yarn felted the least, whereas the one made
from KML fibres felted the most. Therefore, area shrinkage
ranged from —27% to —69%, change in mass per unit area
from +34% to +206%, change in air permeability from —35%
to —76%, and thickness from +54% to +187%. The same
pattern was present in the case of W yarns: the knitted
material made from ET yarn felted the least and the one made
from KML yarn the most, area shrinkage ranged from —6%
to —35%, change in mass per unit area from +4% to +43%,
change in air permeability from —24% to —55%, and thickness
ranged from +25% to +66%.

The felting shrinkage results obtained in the current study
were similar to the ones obtained by Siiri Nool [9]. It was
observed that materials made from EML SW yarns felt the
most. Additionally, the order of felting shrinkage by wool
type in the case of ET and EV wool was consistent with the
findings from the Estonia—Norway co-operation project [8].
The materials produced from ET wool felted the least and
the ones from EV wool slightly more. The felting shrinkage

Table 9. Felting shrinkage and change in properties of the material after felting

Yarn type Dimensional change Change in mass Change in air Change in thickness, %
— change in area, % per unit area, % permeability, %
SW_ET =27 +34 —35% +54
SW_EV -37 +52 —47* +85
SW_KML —69 +206 —76* +187
SW_MRA —45 +73 —67 +62
W_ET -6 +4 24 +25
W_EV 21 +19 —20% +45
W_KML =35 +43 —55% +66
W_MRA -18 +14 —40 +32

* Assessment accuracy was limited because air permeability exceeded the device’s measuring range in a number of
samples, resulting in changes greater than the reported values
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of KML wool was reported to be lower than the one observed
in the current study.

4. Conclusions

The studied wool fibres of Estonian breeds were found to be
less even compared to the local MRA wool. MRA wool was
of better quality. EV wool fibres were the most even from the
studied Estonian breeds’ wool. Compared to the local MRA
wool, Estonian breeds’ wool was found to be coarser, longer,
and with higher linear density and lower cuticle scale fre-
quency, while cuticle scale height varied. The main difference
between Estonian breeds’ and Merino wool was fibre fineness
(MRA wool was 23.7+4.1 um on average and Estonian wool
on average over 10 um coarser).

Fibre properties were found to influence yarn perform-
ance. SW yarns were stronger compared to W yarns. Yarn
tenacity was most affected by fibre length and crimp (visual
assessment). The highest tenacity was observed in yarns
made from long, low crimp fibres. KML yarns achieved the
highest tenacity within both production categories (SW_KML
6.4+0.7 cN/tex and W_KML 4.2 +£0.2 cN/tex), and KML
fibres had the lowest crimp and were among the longest
(124+41 mm). On the other hand, MRA yarns exhibited the
lowest tenacity (SW_MRA 4.6 + 0.2 cN/tex and W_MRA
2.3+0.3 cN/tex), and MRA fibres had the highest crimp and
were the shortest (102423 mm).

Material performance and felting were influenced by both
fibre and yarn properties. In the pilling resistance test, all the
knitted and knitted felted materials met the premium re-
quirements set in the Ecodesign criteria — grade 3—4 after
2000 pilling rubs and grade 2-3 after 7000 pilling rubs.
Pilling resistance of the knitted materials was predominantly
influenced by linear density of yarn, twist in yarns, and fibre
length and diameter. W yarns’ pilling resistance was higher
due to the higher linear density of the yarns, which produced
a slightly denser fabric structure. Yarns made of longer and
coarser fibres produced fewer pills. The knitted felted ma-
terials generally favoured pilling more — residual carding oils
and lanolin were washed off during felting, which made the
surface of the material hairy and therefore more prone to
pilling.

In abrasion resistance tests, all the materials withstood the
premium requirements set in the Ecodesign criteria, which is
>36 000 rubs. The life of pills was associated with yarn and
fibre tenacity. On materials made from yarns (fibres) with
lower tenacity, life of pills was shorter. Moreover, pilling was
present longer on SW than W yarns — fibres in SW yarns are
more parallelly aligned and are harder to pull out of the yarn.
This lengthens the life cycle of the material. Pilling was
present longer on the knitted felted materials compared to the
knitted materials, and the pills were larger.

Felting was influenced by fibre and yarn properties, and
slightly by material structural differences. Yarn production
technology influenced felting — SW yarns generally felted
more than W yarns. W yarns might have felted less due to the
presence of fibre crimp of bulkier W yarns. Additionally,
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slightly lower twist, lower linear density of yarns, and less
dense structure of the material (especially SW_KML) could
have enhanced the felting of SW yarns. Felting was affected
by fibre properties — the order by wool types between the two
production technologies in many cases was the same or
similar. KML fibres had the greatest felting tendency, fol-
lowed by MRA and EV fibres. ET fibres’ felting tendency
was the lowest. Fibre properties that enhanced felting were
lower crimp, longer fibre length, finer diameter, higher cuticle
scale frequency, and higher cuticle scale height.
The findings of the study are essential for
1) establishing a working wool grading system, which is
based on the influence of fibre properties on textile
material behaviour during use, and
2) finding suitable application for Estonian breeds’ wool.
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Eesti kohaliku lambavilla taasvaartustamine — erinevate villatttpide moju

tekstiilmaterjali omadustele

Liisa Torsus, Tiia Plamus, Katrin Kabun ja Urve Kallavus

Eesti lambatdugude vill leiab vaheldast kasutust. See on vaarindamata bioressurss, mis vajab taasvaartus-
tamist. Kohaliku villa kasutuse suurendamiseks on peetud vajalikuks villa kditlemise ja hindamise slisteemi
loomist ning villapesula asutamist. Sellise slisteemi loomiseks on vaja teada villakiu omaduste mdju tekstiil-
materjali omadustele. Varasemad kohalikud uuringud on olnud ebapiisavad just kiu omaduste ning silmus-
kootud materjali ja vanutatud silmuskootud materjali vaheliste seoste uurimisel. Kdesolevas artiklis vorrel-
dakse Eesti kohaliku lambavilla kiu, I6dnga ja tekstiilmaterjali omadusi ning analtusitakse kiu omaduste moju
tekstiilmaterjalile. Voérdluse loomiseks kaasati ka kohalik meriinovill, mis on tekstiilitddstuses laialdaselt
kasutusel olev villatitp. Uuringus hinnati villakiu omaduste mdju 16nga, silmuskootud materjali ja vanutatud
silmuskootud materjali omadustele. Katsete tulemused vdimaldavad leida kohalikule villale erinevaid kasu-
tusvaldkondi ning anda soovitusi villa hindamisstisteemi valjatéotamiseks.

Tulemused naitasid, et Eesti lambatdugude vill on kohaliku meriinovillaga vdrreldes pikem, kuid ebauht-
lasema pikkusega, jdmedam, kohati sasikanaliga ning vaiksema soomuste sagedusega ja Uldjuhul madalama
soomuste kdrgusega. Eesti lambatdugude villast kedratud 1dngad osutusid seevastu tugevamaks. Tugevai-
mates Idngades kasutatud kiud olid pikemad, laugema sabarusega ja vahese sésivillkarvade sisaldusega.
Poolkammléngad olid tugevamad. Pikkade ja jamedate kiudude kasutus ja I6nga suurem keerdumus vahen-
dasid materjali kalduvust topiliseks muutuda. Vanutatud materjalid muutusid topiliseks kergemini kui silmus-
kootud materjalid, kuid talusid hddrdumist paremini, kui neis oli kasutatud tugevamaid I&ngu.

Viltumisomadusi mdjutasid kiu omadused - laugem sabarus, pikem kiud, vdaiksem diameeter ning suurem
soomuste sagedus ja kdrgus soodustasid viltumist. Villakiu pikkus mdjutas viltumist rohkem kui peenus.
Poolkammldngadest valmistatud materjalid vanusid rohkem. Kiu omaduste erinevused mdjutasid 16nga ja
tekstiilmaterjali omadusi ning kvaliteeti, mistdttu on vaja luua villa hindamisslisteem, mis arvestab nii kiu
omadusi kui ka villatlilipe. Maalamba vill erines Eesti tumeda- ja valgepealise tdu villast, mis sarnanevad
mitme omaduse poolest ja sobivad seetdttu ka segamiseks. Hindamisslisteem peaks arvestama nii villakiu
pikkust kui ka 1abimddtu: kiu pikkus mdjutab otseselt tekstiilmaterjali tugevust, peenus aga villase rdiva
kandmismugavust. Medullatsioon véahendas villa tugevust. Eesti lambatdugude villa ebalhtlus ei avaldanud
I6nga ega materjali omadustele negatiivset méju vorreldes kohaliku Ghtlasema meriinovillaga.
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ABSTRACT

This paper investigates the consensus problem of disturbed second-order nonlinear multi-
agent systems (MASs) under directed topology. A reset event-triggered control (RETC) is
proposed that combines the reset mechanism with dynamic event-triggered control (ETC)
strategies. The introduction of RETC overcomes the limitation of the traditional ETC that
frequently triggers when approaching the consensus position. The external dynamic vari-
ables in the trigger conditions can be adjusted according to the predefined reset conditions.
When the local state deviation reaches the preset threshold, the dynamic variable is reset to
the initial value, greatly reducing the frequency of event triggering, and the strategies are
fully distributed. The parameters and reset threshold depend only on the local state of the
agents, without global information. The paper applies the Lyapunov stability theory to conduct
a rigorous theoretical analysis of control strategies and verifies its effectiveness in improving
transient consensus and reducing communication burden through simulations.

1. Introduction

As a prominent research focus in the field of control, the cooperative control of
multi-agent systems (MASs) has shown significant potential in diverse appli-
cations, including consensus control [19,27], distributed optimization [1,11],
and cluster collaboration [7]. This method refers to the approach where multi-
ple agents with perception, communication, and mobility capabilities achieve
the desired objectives collectively through local information exchange in a
distributed environment. As the basis of collaborative control, the consensus
problem has received extensive attention [18,20,22]. The core of cooperative
control lies in establishing the relationship between individual agent behav-
iors and the overall group objective, with consensus providing the theoretical
foundation for realizing this relationship [22].

The main task of the consensus problem of the MAS is to design the
controller so that all the agents in the system tend to the same state [8,14].
Based on the graph theory, the convergence properties of linear systems with
connected topology were proved by [14]. By analyzing delay effects in discrete-
time multi-intelligent systems, a new mathematical tool was proposed by [8]
to define consistency boundaries. In order to solve the influence of external
disturbance, more complex system models were considered in [17] and [13],
and the control method was further extended. The problem of non-matching
disturbance was discussed in [24]. Yet, most existing approaches assume
that the agents can continuously communicate with each other. However,
in practical application scenarios, MASs often cannot fulfill this condition.

To reduce the consumption of communication resources under the premise
of system stability, an event-triggered mechanism has been introduced into
the consensus control of multi-agents [4,12]. Different from the traditional pe-
riodic triggering, this approach adopts a state-driven communication strategy
in which communication links are activated and control protocols are updated
only when specific triggering conditions are satisfied. This mechanism en-
ables a dynamic trade-off between control accuracy and communication load.
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According to the type of trigger function, event-triggered mechanisms are generally classified into
static and dynamic categories. To address errors arising from system uncertainties, Deng et al. [4]
investigated the tracking problem of nonlinear MASs and developed an adaptive controller for all
subsystems based on a specially designed observer. However, with the growing complexity of practi-
cal applications, the limitations of static thresholds have become increasingly evident. For example,
an excessively high threshold may delay system convergence, whereas an overly low threshold can
lead to redundant communications [12].

Subsequently, a dynamic event-triggered algorithm was proposed by introducing dynamic vari-
ables [9,10]. The dynamic event-triggered mechanism makes the threshold of the event-triggered
function change adaptively with the measurement error, which effectively avoids the situation
that the trigger threshold is invariable under the static event-triggered mechanism. In recent years,
the dynamic event-triggered mechanism has become a key technique for meeting the requirements of
saving communication resources and flexible design. In [9], dynamic threshold parameters were intro-
duced into the queuing control problem of a MAS, and an optimal balance was achieved between the
communication efficiency of the system and the desired queuing performance. However, the research
focused on the idealized formation task and did not address the impact of system dynamic complexity
on the robustness of the triggering mechanism.

To address these challenges, Ge et al. [10] applied a dynamic event-triggered mechanism to
the complex energy system of islanded microgrids. For multi-unmanned boat systems with limited
communication, Ding et al. [6] designed a distributed control protocol based on adaptive algorithms
and slip film control. The problem of time delay in a second-order MAS was improved in [15].
However, most of the studies assumed that external disturbances were negligible and did not account
for adaptability under persistent perturbations. This limitation was solved in [21]. For MASs with
external disturbances, Ruan et al. adopted a dynamic threshold event-triggered method in the channels
from sensor to observer and from control protocol to actuator, thereby effectively avoiding excessive
updates of the control protocol. Eventually, the system stated index could converge to a bounded
range.

Dynamic event-triggered mechanisms have proven effective, but a key limitation remains:
while they perform well when the system is far from equilibrium, frequent triggering still occurs
near consensus due to the time-decaying nature of dynamic variables. To ensure stability, con-
servative parameter settings were adopted in [3], yet this approach failed to eliminate the Zeno
phenomenon within a prescribed time. Subsequently, a new time-varying function was used to solve
this problem [2]. Further, Liu et al. [16] extended the study to second-order MASs to realize the
pre-determined time utility consensus and verified the validity of the results by using the example
of self-driving cars on the internet. However, most existing work has concentrated on asymptotic
consensus, with limited attention to transient performance. Therefore, the problem of improving the
transient performance of the system while ensuring consensus has received widespread attention.

In order to address these challenges, this paper proposes a reset-based event-triggered mechanism,
providing a novel perspective for improving the transient performance of the system [5,23,25,26].
The advantage of this method is that when the system state satisfies the preset conditions, the dynamic
process is reconstructed by the strategy of finite amplitude state reset. The dependence of traditional
continuous control on the monotonicity of the Lyapunov function is overcome, and the convergence
process is accelerated. For this reason, the reset control is innovatively introduced into the dynamic
variable update process: when the system state enters the &£ neighborhood, the state reset of the
auxiliary variable n;(¢) with limited amplitude is performed, rather than the continuous variable
decay strategy in the traditional event trigger.

The main contributions of this article are as follows:

1. A novel hybrid reset event-triggered mechanism is proposed that overcomes the dependence
of the traditional dynamic event-triggered mechanism on the monotonicity of the Lyapunov function
through the & neighborhood partitioning and the finite amplitude reset operation, and has the potential
to improve the transient consensus performance of MASs.

2. Event-triggered mechanisms that rely on global parameters are required by [21]. A completely
distributed control law is proposed in this paper. Triggering parameters are based only on local
neighboring state errors, which significantly enhances the adaptability of the algorithm to dynamic
topologies.
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3. Existing studies [9,10] mostly use a single control mechanism, making it difficult to bal-
ance communication efficiency and anti-jamming capability. This paper achieves consensus while
eliminating the Zeno phenomenon through the coupled design of perturbation compensation and
reset-triggering conditions.

In summary, this paper innovatively combines reset control and event-triggered mechanisms in
the consensus control of MASs, and proposes a solution that effectively improves the performance
of transient consensus and provides a new perspective for system analysis and design.

2. Problem formulation and preliminaries

The information interaction between agents can be described by the topology graph G = (V, &, A).
For a topology graph composed of N agents, V = {vy, v, ..., v,} represents the set of nodes, and
E ={(i,vj) | vi € V,v; € V,i # j} denotes the set of edges. A directed edge (v;,v;) € &
indicates that agent i can receive information from agent j. At this point, v; is called the neighboring
agent of v;. The weight adjacency matrix A = [a;;] € RV*N;if (v;,v;) € &, then a;; > 0,
otherwise a;; = 0. The degree matrix D = diag{dy,--- ,d;,--- ,dpm} is defined, where d; =
% a;;. The corresponding Laplacian matrix £ = [/;;] € RN*N of the graph G is defined as £ =
=1, j#i
b —]A. The leader—follower adjacency matrix in a second-order MAS is B = diag{b1, b, ..., b,}.
When the follower is connected to the leader, b; = 1, otherwise b; = 0. When there exists a directed
path between any two nodes that reaches connectivity, it is called a strongly connected graph G.
This paper investigates second-order nonlinear MASs, where the dynamics of the leader and the
follower i are described as follows:

xo(t) = vo (1) a
vo(1) = f (1,x0(2), vo (1))
xi(1) = vi(1) i=1.2.--- .n ()
Vi (1) = up(0) + di(0) + f (L,xi (0, v ()~ 7

where xo(t) € R™, vo(t) € R™ are respectively expressed as the state and speed of the leader at
the moment #; x;(¢) € R™, v;(t) € R™, and u;(t) € R™ are the state, speed, and control inputs of
the follower i, respectively; f(¢,x0(t),vo(t)) and f (t, x;(¢), v;(¢)) denote the unknown nonlinear
continuous functions of the leader and the follower i, respectively; d;(¢) denotes the unknown
perturbations of the follower and satisfies ||d(2)|| < D, d(t) = [le(t), dZT(t), e ,d% (t)]T, where
D is a positive constant.

The main lemmas and assumptions employed in the proof are summarized as follows:

Assumption 1. At least one follower can obtain the navigator’s information; that is, the navigator—
follower adjacency matrix B # 0.

Assumption 2. For a nonlinear continuous function f(-) in a second-order nonlinear MAS, which
satisfies the Lipschitz condition, Vx, y, v, z € R, there exist two positive constants p and g such that
the following inequality holds:

[f(t,x,v) = f(t,y,2)| < plx =yl +qlv -zl 3)

q

P
Lemma 1. [15] (Young’s inequality) Let p > 1, %+$ = 1. Then, for any o105 > 0, oj0 < 07‘+%.

Lemma 2. [2] (Sliding-mode interference compensation inequality) Set constant D > 0 such that
the jamming signal d(t) satisfies the boundedness condition d(t) < D, where D is the upper bounds
of known interference. For any time-varying signal o(t) = ¥ (1) + v1(t), the following inequality
holds:

o (1) (d(t) — Dsgn(o(1))) < 0. 4)

Lemma 3. [25] Let H € R™" be a symmetric positive definite matrix, and eigenvalues satisfy
0 < Anin(H) < Amax (H). For any vector x € R", the following inequality holds:
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Amin (FO1X]1* < xTHx < Amax (H)|1x]|°, 5)
where ||x||* = xTx, Amin(H), and Amax(H) are the minimum and maximum eigenvalues of H,

respectively.

Lemma 4. [26] For Vx,y € R and a > 0, the following properties hold true:

@, 1,

—x“+ —y". 6
2" T 2a” ©
Lemma 5. [23] Consider the system described by Eqs (1) and (2). The MAS can achieve leading—
Jollowing consensus if and only if the initial state of any agent satisfies the following conditions:

lxy| <

tlim |x; (£) = x0(8)]| =0,i =1,2,--- ,n,

. | @)
Tim [[vi(1) = vo(Dll = 0,i = 1,2, .

3. Main result

This paper investigates the consensus problem of second-order MASs under a reset event-triggered
strategy. To facilitate the design of the event-triggering condition, the state measurement error is
defined as follows (which also follows the idea in [12]):

M) = agale) = (0 + vilt) = (1) + bi (xa(6) = x0(0) + vi() = o). (3)

JEN;

Define the triggering error of agent i as:
ei(1) = Ai(te) — Ai(1). 9)

The consensus error of agent i is:
%i (1) = xi (1) — xo(1),
vi(1) = vir) = vo(1).

The control law for agent i is designed as follows:

wi(t) ==k )" @y (xi(th) = x; (1)) + vi(t) = v (1)
+ i (xi(1}) = x0(1}) + vilr}) = vo(t}) " = Dsen (F7(0) +57(1)).

where k > 0 is the control gain to be designed, Dsgn (¥ (¢) + v1(¢)) is the disturbance compen-
sation term, 7, is the triggering time of the k-th event of agent i, and the trigger time sequence is

{if, et .0, )
Define the trigger conditions for the reset event of agent i:

(10)

ledOIF > |2k (L + B 1) - 22 - 20+ )| () - 20+ (0. 12

n
where Q(t) = X, (||)Ei(t)||2 + ||17,-(t)||2), 0 < @ < 1, and 5;(¢) is a dynamic adjustment function,
i=1
designed as:
o ni(0), Q1) < &
7i(V) = {7],-(0)6_“(’_”‘), Qi) >¢’
where 8 > 0,n; = 0, € is an adjustable parameter that determines when the variable 7;(f) will be
reset to its initial value, and 74 is the most recent trigger moment. Combined with the error definition,

the system equation can be rewritten as:
xi(t) = (1),

Vi(1) = —ke; (1) — k l Y aij(%i(t) = X;(t) + V(1) = V(1) + bi 2 (%:(2) + 9:(2) (14)

JEN;

+f (t,x:(1),vi (1)) = f (£,x0(1), vo(1)) + d; (1) = Dsgn(x" (1) + 77 (1)).

(13)
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Using the Kronecker inner product, Eq. (14) can be further rewritten as:
x;(1) =v (1),
. 1
vi(t) = = ke(t) =k |(L ® In) (3(1) + 9(1)) + — (B ® Im) (X (1) + 9:(1))" (15)

+ F (1,x;(1),vi (1)) = F (t,x0(1), vo(1)) + di (1) - Dsgn(x" (1) + 7 (1)),
where
(1) = & (). 55 (0), - 210
(1) = BT, 73(0), -+ . Th (1)
e(t) = (€1(1), €3 (1), -+~ e (1),
F(t,x;(0),vi(0)) = (f (.21 (1), v1(0)), F(1,x2(0),va2(0), -+, f (8.2 (8), v (D).

Theorem 1. Under Assumptions I and 2, consider the MAS described by Egs (1) and (2). If the
parameter « satisfies the conditions, then:

k 2
Under the consensus protocol (7) and the reset event-triggered mechanism (10) and (11), the MAS
can achieve leader—following consensus.

Proof. Choose the Lyapunov function

V(1) = %sT(t)Ps(t), (17)

where £(1) = [£7(1) (1], P
The derivation of Eq. (17) yields:
V(1) = V(t) = ' (1) P&(2)

_ _ 2k(L® L, +B®1I,;) I,9I1
— [T T m m n m
=70 v (t)][ L&, 1n®1m]

V(1)
—ke(t) -k [(L ®I,) (x(t) +v(r)) + é (B®1,,) (x(1) + v(r))“}
+ F (2,x;(2),vi(2) = F (t,x0(1),vo(2)) + d;i(¢) — Dsgn(x(z) + v(1))
= 5T(1) (1) + 2kxT(1) (L ® Iy + B ® L) 7(1) (18)

ke (FT0) + 57 (0)) e(t) — k (F7() + 77 (1)) (L ® ) (5(0) + 7(1))
- g (F70) +57(0)) (B ® L) (1) + 7))
+ (T +770) (F (120, vi(0) = F (1,%0(0), vo(1))

+ (xT(z) + vT(z)) (d(t) — Dsgn(xT () + vT(z)) .

According to Lemma 1, expand the nonlinear terms:
— ke (570 + 77 (0)) (L ® L) (5(1) + 7(1))
_k (F70) +57(0)) (B ® L) (1) + 7))
«

<k ()ET(t) + 17T(t)) (L® 1L, (Z(t) + (1))

_|2k(L®l,) I,®I1,
| L,el, L,®IL,|°

(19)
S (0 +70) (B o L)@ (50) + 7(6) + [1 = ]

- —k ()ET(t) + vT(z)) (L® 1L, +B®I,) (x(t) + (1)

—k ()ZT(t) + vT(;)) (B®1,,) [1%] .
mx1
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1-a

Combine the results with similar terms in Eq. (18) and process —k (J?T(t) + \7T(t)) (B®1,,) [ - ]mxl :

2kxT(t) (L ® I, + B® L) (1) + 7 (£)¥(¢)
—k ()ET(I) + vT(t)) (L® 1L, +B®I,) (&(t) + (1))

=2kx"(t) (L® I, + B® I,,,)) ¥(¢) 20)
—kxT () (L® Iy + B® Ly) 9(1) — kv (1) (L ® I,y + B ® ;) %(¢)

— kXY () (L ® I, + B® L) (1) — kv (1) (L ® I, + B® I,,)) v(t) + v (1) 7 (¢)
=51()0(1) — ki (t) (L ® Iy + B® I,)) %(1) — kv (1) (L ® Iy, + B® I,,,) ¥(1)

l-a

’, 2D

—k (F7(0) +57(0)) (B 1) [1%’] <k (IO + 150 I12) 1B @ L
mx1

where 0 < a < 1, C; = ||1;"H,C2 = ||B ® I,||. Using the variation ab < % + Esz(f > 0) of

Lemma 1 and taking € = %, we get:

EU I+ 17 €8s < 5 Z} (IR I + 17:017) + e(kC1C)?
- 22)

< g Z (IIJ@-(t)II2 + ||ﬂ(t)||2) +k(C1C)2.

i=1

Handling 3T (1)v(t) — kx'(t) (L® L, + B® L,) X(t) — kv (t) (L® I, + B® I,,,) ¥(¢) and ac-
cording to Lemma 3, we get:

- i (L+B)®1,i<0, -V (L+B)®I,7<0.

23
—ki' (L+B)®1,i<0, —kv'(L+B)®I,7<0. @3)

According to the properties of the eigenvalues of a diagonal matrix, we have
POV (1) = kX" (1) (L ® L) (3(1)) = k9T (1) (L ® L) (9(1))

- - 24
< SISO = Auin (£ (L+ B)© ) Y (I8P + [5:011) < 0. .
i=1 i=1

where Anin (L) denotes the smallest non-zero eigenvalue of L.
Based on Assumption 2 and the basic inequality 2xy < x? + y?, we obtain:

(1) + 7(0)) (F (1,%:(1), vi(1)) = F (£, %0(2), vo(1))
< 7R + (0] [p (1) = xo ()] + g Vi (1) = vo(1)]]
i=1
< > 1E@) + 5] [p & (D] + g [5:(1)]
i=1
(25)

=3 [PIGOIP + (p + Q(0)7:(1) + ql7: ()]
i=1

3p+g~ +3g
< LIS m@ 1P + 252 w2
i=1 i=1

2 2

n n

- 2 = 2

= w1 ) IEOIP +w2) 50,
i=1 i=1

3p+ +3
where w; = &, w,y = 51,
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Remark 1. Many engineering systems operate within bounded-rate domains, such as robot swarms
and unmanned aerial vehicle (UAV) formations constrained by actuator and sensor limits, as well as
sensor networks whose state variables (e.g., temperature, voltage) evolve at restricted rates, leading
naturally to locally Lipschitz dynamics. As noted in [15], the framework extends to local or piecewise
Lipschitz continuity and broader input-to-state stability (ISS)-type conditions.

According to Lemma 2, we have (X(t) + v(¢)) (d(t) — Dsgn (x(¢) + ¥(¢))) < 0.

To handle the error term —k (£7(r) + #1(r)) e(t), Lemma 4 |xy| < Zx? + 5-y? is applied,

yielding:
- kZ [(xiT(t) + viT(t)) ei(t)]
< 23 (I + 218 0l I )1+ () 1P) + —Z les()11? 6)
i=1
<akY (WP 15 0I) + £ Y e
i=1 i=1
Therefore,

V) < 35O = Amin (K(L+ BY @ L) Y (I I + 17 (1))
i=1 i=1
+2 ) (I I + 17:()12) + K(C1C2)?
+ o) 5O+ w2 ) [5:0)]
i=1 i=1
' akg (I (12 + 172 (1) 112) + %Zl e ()11 &7

+ (iT(t) + vT(z)) [d(z) - Dsgn(" (1) + 77 (1))]

1S (IR + 1)

i=1

ak +w—Anin (k(L+B)®1I,) +

k n
2, K 12
+k(C1Cy)% + ZQ;uel(r)n ,

where w = max {w1, wy + 1}.
When the parameters satisfy

k
ozk+a)—/lmin(k(L+B)®Im)+§<O

Z|Iel(t)||2 mln(k(L+B®I )_2%_&(2“"'1) (28)
S (I ole + ||vl-(t>||2) - 20(C1G)?,
i=1
then
V() < 2 el - [ammmL YB® L)~ w - ak - 5]
2a 2
(29)

(I OI + 17:011) + k(Ci12)* < 0.

i=1
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The proof of the Zeno phenomenon is provided in the following.

Theorem 2. Consider the MAS described by Eqs (1) and (2). If the reset event-triggered condition (13)
and the condition of Theorem I are satisfied, the Zeno phenomenon can be avoided. In this case,
there exists a positive minimum trigger interval Atyinso that the interval between the two consecutive
trigger moments for any agent r satisfies tj | —t; = Atyiy > 0. The minimum trigger interval Atmiy
is:

Y -Y,+
Atmin = Ty = | g, (30)
Y
where Y| = [2& Apin (k (L + B) ® I,) — 222 — @ 2a + 1) | Quax, Y2 = 2a(C1C2)%
Proof. Assume that the rate of change of the state error is bounded: ||A;(¢)|| <y (y > 0) . Integrate
the state error and obtain

llec (D)1l = 1Ai (1) = (D1l < ¥ (1 —13). (31)
When the reset event-triggered condition is satisfied, the above equation can be rewritten as
follows:

2 in2_ |2, _2aw
ve(t - tk) > T/lmm (k(L+B)®1,,) . aRa+1)| Q1) (32)

= 2a(CC)” +7i(1).
According to Theorem 1, the above equation satisfies the system consensus condition, Q(¢) is
bounded, there is Qx> 0 such that Q(7) < Qmax, and when Q(7) > €, ; (1) = e™* < Nmax =

ni(0).
Accordingly, there exists at least a minimum event-trigger 7,- for agent r to satisfy

2a 2aw
szrZ > _Amin (k (L + B) ® Im) - T —a (20' + 1) Qmax - 2(11(C1 C2)2 *+ Nmax- (33)

k

The minimum trigger interval satisfies

Yi-Yo +
Atf>,/%ﬂma’(én>0. (34)
Y

The time interval between any two triggering instants satisfies At¥ > At,,;,, > 0. Therefore,
the minimum event-trigger interval is strictly greater than zero, and no Zeno phenomenon occurs.

Remark 2. Unlike traditional dynamic event-triggered mechanisms, which typically require a trade-
off between reducing triggering frequency and preserving system-dynamic performance, the proposed
reset-based triggering strategy can dynamically adjust the triggering conditions while effectively
reducing the number of communications. More importantly, the proposed method achieves a lower
triggering frequency without compromising convergence performance, and the Zeno behavior is
also effectively avoided.

4. Simulation

This section validates the effectiveness of the proposed reset event-triggered consensus algorithm
through simulation experiments. A MAS with one leader and four followers is considered. The system
dynamics of the leader and the follower are described by Eqs (1) and (2), respectively, and the
communication topology is shown in Fig. 1.

The nonlinearity function and the external disturbance of agent i are (2v;(t)) + 0.01x;(¢) and
d;(t) = 0.1cosx;(t), respectively. From the communications topology of Fig. 1, the Laplacian
matrix L, the leader—follower matrix B, and the adjacency matrix A are:

1 -1 0 O 1 000 01 00
-1 1 0 O 0 00O 1 000
L= 0 0 1 —1’B_0 01 O’A_O 0 01
0 0 -1 1 0 00O 0010

Y|
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(a) (b)

Agent
0
Agent
4

Fig. 1. System communication topology: 5-agent communication topology (a) and 11-agent communication topology (b).

The initial position and speed of the leader agent are set to xo(0) = 6,vo(0) = 3, and v¢(0) = 3,
respectively. The initial position and speed of the leader agent are settox(0) = [-6 1 0.5 -3.5]
and v(0) = [-5.1 -1 3.2 4.5]. According to the condition (26), choose € = 0.1, k = 1. It can
be derived from the Laplacian matrix that Ay, (kK(L + B) ® I,;)) = 0.382. According to Eq. (14),
0 < @ < 1.6. Therefore, we set @ = 1. The experimental results are shown in Figs 2—-6. Figure 2a
shows the system state convergence curves, and Fig. 2b presents the control inputs and triggering
moments for 7;(0) = 0. Under the action of the controller (7), the speed and position of the agent
gradually converge to a uniform state. Figure 2b shows the corresponding triggering moments, where
agents 1-4 triggered 1053, 918, 753, and 1588 times, respectively.
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Fig. 2. Performance of 5 agents under static event-triggered control (SETC): system state convergence curves (a), control inputs u; (¢)
and triggering moments # (b).
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Fig. 3. Performance of 5 agents under reset event-triggered control (RETC): system state convergence curves (a), control inputs u; (t)
and triggering moments # (b).



Event-triggered consensus of second-order MASs

Letn;(0) = 0.01, while keeping all other control parameters unchanged. The experimental results
are presented in Fig. 3a,b. It can be observed that the number of triggering events is significantly
reduced without compromising the original control performance. Specifically, agents 1-4 triggered
438, 180, 279, and 508 times, respectively.
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Fig. 4. Performance of 5 agents under RETC: system state convergence curves (a), control inputs u; (¢) and triggering moments # (b).
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Fig. 5. Performance of 11 agents under SETC: system state convergence curves (a), control inputs u; (1) and triggering moments # (b).
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Fig. 6. Performance of 11 agents under RETC: system state convergence curves (a), control inputs u; (¢) and triggering moments # (b).

Table 1 compares the distinction in the number of triggers between the proposed method and the
general method in detail. Specifically, RETC represents the method proposed in this paper, while
SETC denotes the conventional triggering approach without dynamic reset strategies. Figure 4b
shows that the proposed method has a significant effect on reducing the number of triggers after
the system state converges. When 7;(0) = 0, agents 1-4 trigger 670, 788, 546, and 1272 times,
respectively, during 5-10 s. When 1;(0) = 0.01, the numbers are 207, 68, 80, and 244, respectively.
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Table 1. Comparison of the number of triggers between RETC and SETC for 5 agents. Only follower agents are counted; the leader does not
trigger events

Agent | 1] 2] 3] 4] Towl
RETC 438 180 279 508 1405
SETC 1053 918 753 1588 4312

Table 2. Comparison of the number of triggers between RETC and SETC for 11 agents. Only follower agents are counted; the leader does not
trigger events

Agent | 1] 2] 3] 4] 5] 6[ 7] 8] 9]10] Totl
RETC 358 341 398 227 125 162 85 157 94 85 2032
SETC 1266 1219 959 525 146 318 43 186 48 45 4755

By using the reset event-triggering strategy proposed in this paper, the number of triggering decreases
by 19.6% in the period of 0-5 s, 82.2% in the period of 5-10 s, and 67.4% in the whole period.

The issue of frequent triggering of event-triggering laws in the later stage of system convergence
has been resolved. The occupation of communication resources has been greatly reduced. This is
very important in large-scale clusters and complex environments.

After that, take @ = 11/7. The experimental results are shown in Fig. 4. With the increase
of a, the convergence speed of the system is accelerated. At the same time, it can be seen from the
triggering moments that the agents’ triggering moments are asynchronous. The effectiveness of the
distributed event-triggered mechanism has been verified.

Similarly, the simulation for the 11-agent topology is conducted under both SETC and RETC.
The results presented in Figs 5 and 6 show that the proposed reset event-triggered mechanism signifi-
cantly reduces the number of triggers, effectively minimizing communication overhead. The detailed
comparison for 11 agents is provided in Table 2.

5. Conclusion

The consensus problem of second-order nonlinear multi-agent systems (MASs) under directed topol-
ogy is investigated based on a reset event-triggered mechanism. A hybrid control strategy combining
dynamic event triggering and reset control is introduced, where the event-triggering conditions and
the initial values of external dynamic variables are constructed from the state information of each
agent and its neighbors at the triggering instants. By tuning the interaction strength parameters of the
system, it is determined when the dynamic variables should be reset to their initial values, thereby
effectively reducing the triggering frequency as the system approaches consensus. The asymptotic
stability of the closed-loop system and the exclusion of the Zeno behavior are rigorously established
using the Lyapunov stability theory. Numerical simulations under external disturbances are con-
ducted, with comparisons to the event-triggered methods in [5] and [6]. The results confirm the
effectiveness of the proposed reset event-triggered mechanism and demonstrate its superiority in
reducing communication burden.
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Jaotatud konsensus teist jarku multiagent-siisteemide jaoks
lahtestusega sundmuspohise mehhanismi baasil

Yi Cheng ja Xingjian Fu

Uuritud on teist jarku mittelineaarsete multiagent-siisteemide konsensusprobleemi suunatud topoloogia korral,
tuginedes lahtestusega sindmuspdhisele mehhanismile. Kasutusele on vdetud hibriidne juhtimisstrateegia,
mis Uhendab diinaamilise siindmuspodhise kaivitamise ja lahtestusjuhtimise. Sindmuste kaivitamise tingimused
ja valiste dlinaamiliste muutujate algvaartused konstrueeritakse iga agendi ja tema naabrite seisunditeabe
pohjal kaivitamishetkedel. Siisteemi interaktsioonitugevuse parameetrite konfigureerimisega maaratakse kind-
laks, millal diinaamilised muutujad tuleks lahtestada algvaartustega, vahendades seelabi kaivitamissagedust
stisteemi konsensuse poole liikumisel. Ljapunovi stabiilsusteooria abil on rangelt tdestatud suletud ahelaga
slisteemi astimptootiline stabiilsus ning Zeno-kaitumise valistamine. Labi on viidud numbrilised simulatsioonid
véliste hairingute korral ning tulemusi on vorreldud to6des [5] ja [6] esitatud slindmuspodhiste meetoditega.
Tulemused kinnitavad pakutud ldhtestusega stiindmuspoéhise mehhanismi téhusust ja nditavad selle eeliseid
kommunikatsioonikoormuse vahendamisel.
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ABSTRACT

Twenty-two blackcurrant genotypes, ‘Karri’, ‘Almo’, ‘Ats’, ‘Elo’, ‘Varmas’, ‘Mairi’, ‘Asker’, ‘Piléna¥’,
‘Vy&iai’, ‘Ben Alder’, ‘Ben Nevis’, ‘Ben Lomond’, ‘Ben Sarek’, ‘Intercontinental’, ‘Titania’, ‘Ojebyn’,
‘Lentjai’, ‘Pamyati Vavilova’, ‘Zagadka’, 10B, 1-96-16, and 2-96-51, were evaluated in two
subsequent years. The aim of the research was to compare berry weight, seed content in the
berries, and fatty acid profile in the seeds. The composition of fatty acids was identified and
quantified using gas chromatography.

Blackcurrant berry weight varied between 1.0 and 1.7 g, depending on the genotype, being
the highest in genotypes ‘Mairi’, ‘Karri, ‘Intercontinental’, and ‘Lentjai’. Seed content in berries
ranged from 2.2% to 4.6% and was the highest in ‘Karri’ and ‘Elo’. Oil content correlated
positively with the proportion of seeds per fresh weight of berries. Therefore, the highest seed
content correlated with the highest oil content per fresh weight of berries in ‘Karri’ and ‘Elo’,
1.2% and 1.3%, respectively. On average over two years, the total oil content in the seeds
ranged from 24.4% to 31.2%, showing the highest levels in ‘Ben Nevis’, ‘Pamyati Vavilova’,
and ‘Asker. The most abundant fatty acid identified in blackcurrant seeds was linoleic acid,
ranging from 40.1% to 48.6%, followed by a-linolenic acid, from 11.7% to 16.5%, oleic acid, from
10.3% to 16.4%, and y-linolenic acid, from 10.9% to 15.6%.

Introduction

A European Commission document (2023) titled ‘Upgrading the EU’s policy toolbox
for nutrition leadership’ highlights the necessity of utilizing renewable resources
(Dekeyser and Rampa 2023). Plant-based biomass, such as berry pomace, represents
renewable resources of biological origin. This biomass, rich in bioactive substances,
is produced in substantial quantities during juice production. Berry seed oils constitute
a noteworthy group of plant oils with favourable nutritional characteristics, including
a beneficial fatty acid (FA) profile, oxidative stability, and positive health effects.
These oils are suitable for human consumption and, as such, may have potential
applications in the food industry (Stawinska et al. 2023). Furthermore, previous
studies have demonstrated that the composition of fruit pomace seed oil remains
stable even after long-term frozen storage, making pomace a valuable raw material
for oil extraction (Radocaj et al. 2014). Plant-derived FAs are of considerable dietary
and cosmetic significance due to their high content of polyunsaturated FAs (PUFAs)
as well as saturated and monounsaturated FAs (MUFAs). These FAs exhibit variation
in the cis—trans isomerism, chain length, and the position of the first double bond.
Nutritionally, FAs can be categorized into essential and non-essential types. While hu-
mans and animals lack the enzymatic capacity to synthesize essential FAs (EFAs)
such as linoleic acid (LA; C18:2 n-6), a-linolenic acid (ALA; C18:3 n-3), and
v-linolenic acid (GLA; C18:3) from oleic acid (OA; C18:1 n-9) due to the absence
of required desaturases, higher plants are capable of synthesizing LA, ALA, and GLA.
Given their crucial role in human health, EFAs must be obtained through diet.
EFAs are essential for cellular growth and brain function (Chauhan et al. 2023) and
have therapeutic effects in preventing and managing diseases such as arthritis, cardio-
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vascular and inflammatory diseases, cancer, and hyperlipide-
mia (Kuhnt et al. 2012; Omachi et al. 2024).

Omega-3 (n-3) and omega-6 (n-6) FAs serve as precursors
for eicosanoids, lipid-based signalling molecules vital for in-
nate immune responses (Sheppe and Edelmann 2021). The op-
timal ratio of n-6 to n-3 FAs (ranging from 2.5:1 to 4:1) is im-
portant in human nutrition. However, contemporary diets often
contain an excess of n-6 FAs and a deficiency in n-3 FAs,
disrupting this balance. In European countries, the n-6 to n-3
ratio is approximately 20:1, while in the United States, it
reaches as high as 30:1. Therefore, it is essential to ensure a
sufficient intake of n-3 FAs, while limiting the consumption
of oils rich in n-6 FAs (Michalak and Kiettyka-Dadasiewicz
2018).

Several studies have demonstrated that oils derived from
fruit seeds play a significant role in health promotion by slow-
ing the aging process and reducing stress (Beattie et al. 2005;
Pieszka et al. 2013; Michalak and Kieltyka-Dadasiewicz 2018).
However, the mean intake of fruits and berries in Nordic and
Baltic countries is between 100 and 200 grams per day (Rosell
and Fadnes 2024), which is below the recommended level for
sufficient consumption. For instance, in Estonia, the recom-
mended daily intake of fruits and berries is at least 240 grams,
as outlined by the National Institute of Health Development
(Tervise Arengu Instituut 2025).

Additionally, fruit seed oils could be incorporated into
cosmetic formulations due to their beneficial effects on the
skin. For example, the sea buckthorn seed oil has shown the
ability to improve skin hydration, protect against transdermal
water loss, facilitate the transport of other oil components
through the skin, and allow them to reach different layers of
the epidermis. Furthermore, its radical-scavenging activity helps
to protect the skin from oxidative damage and slow the aging
process, thus making it a common ingredient in anti-wrinkle
and anti-aging cosmetic products (Stawinska et al. 2023).
Hendawy et al. (2021) found that the consumption of rasp-
berry seed oil, which has an optimal n-6 to n-3 FA ratio
(2-3:1), improved hepatic enzyme activities, reduced glucose
levels, and mitigated insulin resistance by improving in-
flammatory and oxidative stress markers. Similarly, Pieszka
et al. (2015a, 2015b) reported low n-6/n-3 ratios in choke-
berry and blackcurrant seed oils, 1.45 and 2.61, respectively,
and Konopka et al. (2023) claimed the recommended n-6/n-3
FA ratio (below 4-5:1) for seed oils of blackberry, black-
currant, blueberry, raspberry, and strawberry. In addition, the
inclusion of strawberry seed oil in the diet normalized lipid
metabolism and affected metabolite formation in the distal
intestine of Wistar rats (Hendawy et al. 2021). Interestingly,
the evaluation of 16 rowanberry genotypes showed con-
siderable variation in the n-6/n-3 ratio within Sorbus aucu-
paria, ranging from 6.70 to 25.19 (Sarv et al. 2024). Savikin
et al. (2013) reported that various Ribes species are recog-
nized as potential sources of high-value FAs, particularly
ALA, GLA (18:3 n-6), and stearidonic acid (SDA).

Blackcurrant (Ribes nigrum L.) is one of the most appreci-
ated berry crops for fresh consumption and processing after

strawberry cultivated in Estonia. Blackcurrant has also high
importance in many other countries, such as Scotland, Sweden,
Lithuania, Latvia, and Russia, as a number of valuable cul-
tivars have been bred in these countries. Fruit weight and
nutritional value of the blackcurrant fruit depend primarily
on the genotype but also on the temperatures during fruit
ripening (Kahu et al. 2009; Kaldmaie et al. 2013; Kikas et al.
2017). The value of blackcurrant fruits, buds, and leaves has
been demonstrated (Tabart et al. 2006), but the trend of using
fruit seeds has increased. More precise data on their nutri-
tional composition would allow for a better understanding
of their role in diet as well as their potential health benefits.
This, in turn, could have a significant impact on environ-
mental sustainability by reducing waste and promoting re-
source efficiency. During juice production, a huge amount of
valuable residues remain, including seeds, which contain
approximately 20% oil that is rich in PUFAs (W¢jciak et al.
2022) and tocopherols (Savikin et al. 2013; Pieszka et al.
2015a; Pieszka et al. 2015b; Basegmez et al. 2017). In add-
ition to GLA (18:3 n-6), blackcurrant oil contains significant
amounts of other nutritionally important FAs, such as ALA
and SDA (18:4 n-3) (Yang et al. 2011; Savikin et al. 2013).
Furthermore, the oil has a beneficial n-6/n-3 ratio of 3—4:1
(Wojciak et al. 2022). The study of Gustinelli et al. (2018)
showed that the seed oil of blackcurrant possessed stronger
antioxidant activity as well as a higher content of vitamin E
and carotenoids than the seed oils of cloudberry and bilberry.
Although several studies have reported data on the FA com-
position of blackcurrants, significant variability exists, in-
fluenced by the climatic conditions and place of growth but
particularly by the parents of the berries in the pedigree due
to their genetic predisposition (Goffman and Galletti 2001;
Ruiz del Castillo et al. 2002; Savikin et al. 2013; Flores
and Ruiz del Castillo 2016). For instance, the content of GLA
in blackcurrant seed oils has varied from 11% to 24%, de-
pending on the cultivar (Ruiz del Castillo and Dobson 2002;
Jurgonski et al. 2018). The earlier study of Savikin (2013)
revealed that cluster analysis based on the seed oil FA profiles
could be a good method for distinguishing the origin of black-
currant genotypes. Detailed data on the chemical composition
of blackcurrant genotypes would allow for a better under-
standing of their role in nutrition as well as their potential
health benefits. Therefore, the aim of our study was to com-
pare the seed content and FA composition of 22 blackcurrant
genotypes cultivated in Estonia.

Materials and methods
Plant material for experiments

The research was carried out at the Polli Horticultural
Research Centre (58° 7' N, 25° 32" E) of the Estonian Uni-
versity of Life Sciences. The soil type in the trial area was
a sandy loam, containing 1.6% humus, and the preceding
crop was cereal (rye and barley). The genotypes ‘Karri’,
‘Almo’, ‘Ats’, ‘Elo’, ‘Varmas’, ‘Mairi’, ‘Asker’, ‘Pilénai’,
“Vyciai’, ‘Ben Alder’, ‘Ben Nevis’, ‘Ben Lomond’, ‘Ben Sarek’,



‘Intercontinental’, ‘Titania’, ‘Ojebyn’, ‘Lentjai’, ‘Pamyati
Vavilova’, ‘Zagadka’, 10B, 1-96-16, and 2-96-51 were chosen
for evaluation. Berry samples (500 g) of the 22 genotypes were
hand-picked in the middle of the harvest season in two con-
secutive years from a test plot established six to seven years
earlier. The lineage of the genotypes selected for the study is
shown in the pedigree Table 1. The genotypes included in
the study originated from six countries: Estonia (10 geno-
types), Scotland (4), Sweden (3), Russia (2), Belarus (1),
and Lithuania (2).

The average berry weight was determined by weighing
20 fruits per sample. The seeds were separated from 100 g of
berries by sieving and, thereafter, the seed percentage in fruit
was calculated.

Seed oil extraction

The seed oil content was analysed using AOAC Method 948.22.
The oil was extracted from the sample using petroleum ether
as a solvent in a Soxhlet apparatus for 12 hours. After ex-
traction, the residues were dried in an oven at 105 °C until
they reached a constant weight. The oil content was expressed
as a percentage of the dry weight, either per seed or per
fruit.

Table 1. Pedigree of 22 blackcurrant genotypes
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Determination of fatty acids

For determining the FA composition, berries were crushed in
water (1:1), and seeds were separated from pulp by washing
and sieving. FAs of seeds were extracted and methylated by
a one-step procedure using toluene as a solvent (Sukhija
and Palmquist 1988). Methyl heptadecanoate (C17:0) was
used as an internal standard. FA methyl esters were quantified
by gas chromatography using an Agilent 6890A gas chroma-
tograph (Agilent Technologies Inc., USA) equipped with
an autosampler, under the following conditions: a 100 m x
0.25 mm CP7420 capillary column with a 0.25 pm film
thickness. Helium was used as the carrier gas. The initial oven
temperature was 70 °C, which was held for 1 min, and then
it was increased to 100 °C at a rate of 5 °C/min and held for
2 min. The oven temperature was increased to 165 °C at a
rate of 10 °C/min and held for 55 min. Then the oven tem-
perature was increased to 180 °C at a rate of 2 °C/min and
held for 20 min. Further, it was increased to 225 °C at a rate
of 5 °C/min and held for 20 min. Finally, the oven tem-
perature was increased to 240 °C at a rate of 5 °C/min and
held for 5 min. The injector and detector were at 250 °C.
A constant carrier gas pressure was 23 psi. The identification
of common FAs was accomplished by comparing sample

Genotype Pedigree Country
10B Ojebyn x Kantata 50 Estonia
1-96-16 Elo x Ojebyn Estonia
2-96-51 Pamyati Vavilova x Lentjai Estonia
Almo Kantata 50 x Ojebyn Estonia
Asker Pamyati Vavilova x Ojebyn Estonia
Ats Ojebyn x Varmas Estonia
Ben Alder Ben More x Ben Lomond Scotland
Ben Lomond (Brodtorp x Janslunda) x (Consort x Magnus) Scotland
Ben Nevis (Brodtorp x Janslunda) x (Consort x Magnus) Scotland
Ben Sarek Seedling (Goliath x Ojebyn) free pollination Scotland
Elo Ojebyn x Kantata 50 Estonia
Intercontinental Ri74020-11 x Titania Sweden
Karri Mulgi must x Kantata 50 Estonia
Lentjai Brodtorp x Minaj Shmyriov Russia
Mairi Ojebyn x Kantata 50 Estonia
Pamyati Vavilova  Paulinka % Belorusskaya Sladkaya Belarus
Pilénai Minaj Shmyriov x Ojebyn Lithuania
Zagadka Niina x Sopernik Russia
Titania Altaiskaya dessertnaya x (Consort X Kajaanin Musta) ~ Sweden
Varmas Albos x Uus must Estonia
Vydiai Minaj Shmyriov free pollination Lithuania
Ojebyn unknown Sweden
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peak retention times with FA methyl ester standard mixtures
(Supelco 37 Component FAME Mix, Nu-Chek Prep GLC
603, 408, using Agilent Technologies ChemStation software).
Results for all FAs were expressed as g/100 g of the total FA
or g/100 g sample.

Statistical analysis

Statistical analysis was performed using Statistica 13.0
(StatSoft Inc., USA). Correlation analysis was used in order
to determine relationships among analysed and measured
traits in the 22 blackcurrant genotypes (p < 0.05, N = 22).
A single-linkage Euclidean distance cluster analysis (Sibson
1973) was performed for individual FAs (percentage of the
total FAs in seeds) of the 22 blackcurrant genotypes. Average
fruit weight (g), seeds per fruit (%), and FAs per fruit and in
seeds (%) in tables are presented as mean + standard devi-
ation.

Results and discussion
Blackcurrant berry weight and seed content

In the current study, the variations in berry weight and
seed content were observed across different blackcurrant
(Ribes nigrum L.) genotypes. The berry weight varied be-
tween 1.0 and 1.7 g, being the highest in the genotype ‘Mairi’
(1.7 g), followed by the similar weight of ‘Karri’ (1.6 g),
‘Intercontinental’ (1.6 g), and ‘Lentjai’ (1.6 g) (Table 2).

These values were consistent with earlier experiments (Libek
and Kikas 2002; Kaldmaie et al. 2013; Kikas et al. 2017),
where similar fruit weight results were obtained for the same
genotypes, ‘Mairi’, ‘Karri’, ‘Intercontinental’, and ‘Lentjai’,
ranging from 1.3-1.6 g, 1.4-1.8 g, 1.5-1.8 g, and 1.7 g, re-
spectively, in different studies.

In this study, the seed content in the fruit of the 22 geno-
types ranged from 2.2% to 4.6%, being the highest in the
genotypes ‘Karri’ and ‘Elo’, 4.6 % and 4.5 %, respectively
(Table 2). The highest seed content in ‘Karri’ and ‘Elo’ cor-
responded to their highest oil concentration per fruit, 1.2 %
and 1.3 %, respectively (Table 2). It should be mentioned
that the cultivars ‘Mairi’, ‘Karri’, and ‘Elo” have the geno-
type ‘Kantata 50’ in their pedigree (Table 1), which may
contribute to similarities in fruit quality among them. In add-
ition to the genotypes ‘Karri’ and ‘Elo’, the local breeding
line 1-96-16, whose parents include ‘Elo’, had a high seed
content (> 4.0%), while oil concentration per fruit was the
third highest (1.1%) (Table 2). Interestingly, in the previous
study of Savikin et al. (2013), conducted in Serbia, the seed
contents of ‘Ben Lomond’, ‘Ben Nevis’, ‘Titania’, and
‘Ojebyn’, as well as the respective oil contents in the seeds,
were lower than in our trials.

On average over two years, the total oil content in the
seeds of the 22 genotypes ranged from 24.4% to 31.2%,
showing the highest levels in ‘Ben Nevis’, ‘Pamyati Vavilova’,
and ‘Asker’ with 31.2%, 31.2%, and 31.1%, respectively.

Table 2. Average fruit weight, seeds per fruit, and fatty acid content per fruit and in seeds of 22 blackcurrant genotypes (Polli, Estonia)

Cultivar Fruit weight (g) | Seeds per fruit (%) | Oil content per fruit (%) |Oil content in seeds (%)
10B 1.4+0.28f 3.1+0.278 0.9 +£0.02¢h 27.4+2.83%¢
1-96-16 1.1+0.07¢" 4.1£0.01% 1.1+£0.18 26.7 +4.36%"
2-96-51 1.2+£0.07¢h 2.5 +0.04 0.7 £0.0187 30.3 £1.032¢
Almo 1.2 £0.004" 3.2+£0.19¢h 0.9+£0.18%¢ 28.7 +3.86%¢
Asker 1.2+0.07¢" 3.2 +£0.08°f 1.0 £ 0.06¢% 31.1+£2.532
Ats 1.5+0.14*4 2.2+0.38% 0.6 +0.11 27.6+0.11>¢
Ben Alder 1.0+ 0.07" 3.1+0.20" 0.8 = 0.00" 25.6 & 1.43fh
Ben Lomond 1.3+£0.28>¢ 4.0 +0.56 1.1 £ 0.04% 28.3+2.83%F
Ben Nevis 1.3+£0.28>¢ 3.7 +£0.20%d 1.1+0.05% 31.2+£3.09*
Ben Sarek 1.5+£0.07%¢ 2.9 +0.5587 0.7 + 0.06M* 252 +2.71h
Elo 1.3+£0.07¢" 4.5+0.73% 1.2+0.012 27.6 +4.23%¢
Intercontinental 1.6 £0.07%° 2.2 +0.76K 0.6 +0.13k 26.6 +3.12¢h
Karri 1.6 £0.14% 4.6 £0.46* 1.3 £0.09? 28.4 £4.70%¢
Lentjai 1.6 £0.212b° 2.9 +0.3687 0.9 +0.03¢h 29.8 +2.55%4
Mairi 1.7 +£0.35? 2.6 +0.14 0.8 +£0.12¢7 30.0 £2.97+4
Pamyati Vavilova | 1.1+ 0.14%" 3.1+0.07H 1.0 +£0.04¢F 31.2+1.99*
Pilénai 1.3 +£0.00>¢ 2.7 +0.23h* 0.8 £0.06" 30.4 £0.52%
Zagadka 1.2 +£0.00¢" 3.6 +£0.174f 0.9 +0.04¢h 24.4 +£2.20h
Titania 1.3+£0.21¢h 2.6+ 0.11ik 0.7 +0.03h* 27.6 £2.24%¢
Varmas 1.4 +0.07%8 2.3+0.23k 0.7 + 0.07ik 28.7+0.19%¢
Vy¢iai 1.5+0.14*4 3.2 £0.35%" 0.9 £ 0.03%¢ 28.9 £ 2209
Ojebyn 1.1£0.07¢" 4.0 +£0.29%4 1.1 4 0.09b« 27.0 £4.07¢h

Different letters in columns mark significant differences at p < 0.05



The genotype ‘Mairi’, in addition to the largest fruit weight,
had quite a high concentration of oil in the seeds (30.0 %).
However, the proportion of seeds in the fruit of ‘“Mairi’ was
relatively small compared to the corresponding value of the
other genotypes studied.

The genotypes ‘Mairi’, 2-96-51, ‘Pilénai’, ‘Asker’,
‘Ben Nevis’, and ‘Pamyati Vavilova’ possessed the oil
content of >30% in seeds, with the values of 30.0%, 30.3%,
30.4%, 31.1%, 31.2%, and 31.2%, respectively. The content
of the seeds tended to be higher in fruits with a smaller
weight (e.g. ‘Asker’, ‘Ben Lomond’, ‘Ben Nevis’, ‘Pamyati
Vavilova’, and ‘Pilénai’), but this was not the case for every
tested genotype. The variation in seed content is noteworthy
as seed proportion can influence textural qualities and
processing possibilities of the fruits as well as be related to
the content of bioactive components in seeds.

Fatty acid content in blackcurrant seeds

In terms of FA composition, the most predominant FAs
identified in blackcurrant seeds were LA, ranging from 40.1%
to 48.6%, followed by ALA, from 11.7% to 16.5%, OA, from
10.3% to 16.4%, and GLA, from 10.9% to 15.6% (Table 3).
The content of SDA ranged from 2.2% to 3.6%. The content
of SDA was high in ‘Ben Alder’ (3.2%) and ‘Pamyati
Vavilova’ (3.6%). The genotype ‘Karri’ possessed the highest
LA content (48.1% of the total FAs), but the other identified
FAs in this cultivar remained below the calculated average
of the 22 tested genotypes. Three cultivars, ‘Ben Sarek’,
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‘Lentjai’, and ‘Pamyati Vavilova’, had contents of five FAs
that were higher than the average of the tested genotypes. The re-
sults regarding the major FAs in the blackcurrant seeds cor-
respond to the findings of other researchers (Ruiz del Castillo
et al. 2002; Savikin et al. 2013; Flores and Ruiz del Castillo
2016). Ruiz del Castillo et al. (2002) found the contents of
FAs in the following order: LA (42.3%-53.3%) > GLA
(11.6%—24.6%) > ALA (10.0%—-19.2%) > OA (6.6%—11.9%)
> PA (palmitic acid) (5.6%—7.3%) > SDA (2.4%—4.3%) from
the total FAs on average over 36 different genotypes. In their
study, LA was found to be the major component, at a level of
up to 50% of the total FAs.

Correlation analysis

A strong positive correlation (» = 0.95) was found between
the oil content in fruits and the proportion of seeds per fresh
weight of berries (Table 4). The content of oil in fruits de-
pends more on the proportion of seeds in the fruits than on
the fruit weight/size. Some genotypes can have large fruits
and small seeds or vice versa. High correlation is showing
that the cultivars with higher seed to pulp ratio have greater
oil concentration that can influence their nutritional value and
suitability for oil extraction.

Table 5 shows the content of nutritionally important FAs
in blackcurrant seeds. The n-6/n-3 ratio of all the examined
currant varieties was below 4, which falls within the recom-
mended range of 1:1 to 5:1 for maintaining a healthy balance.
A balanced n-6/n-3 ratio is crucial for optimal physiological

Table 3. Average percentage of nutritionally significant FAs of the total FAs in the seeds of 22 blackcurrant genotypes (Polli, Estonia)

Genotype LA ALA OA GLA PA SA
C18:2 n-6 C18:3n-3 C18:1¢-9 C18:3 n-6 C16:0 C18:4n-3
10B 46.4+£0.71°% [ 14,0+ 1.73>F [ 13.8 £0.24°2 |12.3+£0.777 |6.4+0.33>¢ [2.4+0.05%
1-96-16 45.0£0.65%" {13.9+1.74>F [16.4£0.01* |11.2+1.04" |6.3+0.21¢h [2.3+£0.09H
2-96-51 433+ 1.80M [14.7+1.58*4 |12, 71,775 |[14.1 £2.22%F |63 £0.14°" 2.9 +£0.09¢
Almo 453 +£0.3342(12.9+0.85%" [14.9+£0.75*° | 13.4 +£0.33>2 | 6.0+ 0.51"" 2.6 +£0.17°"
Asker 45,0+ 1.33°% |12.3+£1.27% [15.0+£0.51*9 [13.6 = 1.09°¢ | 6.3 £0.30%" |2.4 £ 0.020k
Ats 45.6+£0.36%2 119+ 1.648" [12.9+£0.1651 |14.9+223% |6.6+0.56*° |[2.5+0.19M
Ben Alder 443 +£0.54¢" [16.5+1.91* [103+1.1] 13.9+£241>F |67+ 0254 |3.2+0.30°
Ben Lomond 44.4+£232¢" 1155+3.06* [11.8+£0.951 |12.6+3.06°" |6.8+0.832* [2.7+£0.27°"
Ben Nevis 46.6+1.03%¢ | 15.5+2.17®® |11.9+£0.32" [10.9+1.89" [6.5+0.69*T |2.5+0.255
Ben Sarek 454+£0.0348 [14.2+£2.45>°[11.3+£0291 |[14.5+2.7249 |6.5+£034*° [2.8+£0.30°¢
Elo 45.6+£1.64%2 (12,9 £ 1.68%" [15.7+£0.03®> |12.0+ 1.568" |6.2+0.74° 22+0.11!
Intercontinental 424+£0.16" [13.7+£291°7 [150+£1.70*9 [13.5+2.71>8 |63 +£0.51°" |2.8+0.13«
Karri 48.1+£0.15* [13.5+0.66°2 [13.1+£0.43°7 [12.3+1.12F [6.0+ 0355 [2.2+0.221
Lentjai 453+£127%2 (144 +£2.41°° [11.8£1.031 [13.8+£2.25%¢(6.9+0.24* 2.7+0.02¢h
Mairi 443 +£0.09¢" [12.7+1.12¢7|15.1+0.46*4 [14.3 £0.69*¢ | 5.6 +0.15 2.6 +0.02¢1
Pamyati Vavilova [40.1£0.98 |15.1+1.92%¢ |13.7+0.16%¢ [15.5+1.38* |6.4+0.38"% |3.6+0.01*
Pilénai 448 £1.99% [14.0+ 1.70°F [14.3£2.62F |12.7+£1.99% |6.6+0.02*° |2.5+0.16M
Zagadka 43.1+£0.80M [15.6+2.20% [12.0+£0.178F |14.6+ 1.53%° |6.9 +0.25% 2.8+0.1]cde
Titania 459 +1.16F {13.3 £ 1.20%" [ 142 £0.98>F | 12.5+1.02¢ |6.8 +0.20%¢ [2.5+0.0587
Varmas 42.7+0.36' |[11.7+1.22" [155+£0.04% [15.6+0.91* [62+0.02°" [2.8+£0.10°
Vyciai 47.9+£0.85% |14.6+1.33%d [10.5+£0.64 |13.0£0.96°" |6.5+0.21*F [2.6+0.13°"
Ojebyn 47.1 £1.20% |14.0+0.78>f | 14.4£0.58>F [11.5+0.38" |59+£0.40" |2.2+0.09¢

Different letters in columns mark significant differences at p < 0.05
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Table 4. Correlation coefficients among the analysed and measured traits in 22 blackcurrant genotypes (Polli, Estonia)

Variable ‘ Mean ‘ SD ‘ Fruit weight (g) | Seeds per fruit (%) | Oil content per fruit (%) | Oil content in seeds (%)
Fruit weight (g) 13 0.2 1.00 —0.26 —0.22 0.11
Seeds per fruit (%) 32 0.7 —0.26 1.00 0.95* —0.14
Oil content per fruit (%) 0.9 0.2 -0.22 0.95 1.00 0.17
Oil content in seeds (%) 28.3 2.0 0.11 -0.14 0.17 1.00

* Correlation is significant at p < 0.05

Table 5. The amount of saturated (SFA), polyunsaturated (PUFA), and monounsaturated (MUFA) FAs in the seeds of 22 blackcurrant

genotypes (Polli, Estonia)

Genotype | SFA (%) |MUFA (%)| PUFA (%) \ n-6 ] n-3 ‘n—6/n—3’ 18n-6/18n-3
10B 8.2 15.7 75.4 59.0 164 3.6 0.9
1-96-16 8.5 18.2 72.6 564 16.2 3.5 0.8
2-96-51 8.7 14.7 75.3 577 17.6 33 1.0
Almo 8.1 16.8 74.4 589 155 3.8 1.0
Asker 8.4 17.0 73.6 589 147 4.0 1.1
Ats 8.8 14.8 75.2 60.7 145 4.2 1.3
Ben Alder 8.8 12.1 78.1 58.5 19.6 3.0 0.9
Ben Lomond 9.5 13.8 75.5 573 182 32 0.8
Ben Nevis 9.0 13.8 75.8 57.8  18.0 32 0.7
Ben Sarek 8.9 13.2 77.2 60.2 17.0 3.6 1.1
Elo 8.1 17.7 72.8 577 15.1 3.9 0.9
Intercontinental 8.8 16.9 72.7 562 16.5 3.5 1.0
Karri 8.1 15.0 76.4 60.7 15.7 3.9 0.9
Lentjai 9.0 13.6 76.5 594 172 3.5 1.0
Mairi 8.1 17.0 74.2 589 153 39 1.1
Pamyati Vavilova 8.8 15.7 74.5 55.8 187 3.0 1.0
Pilénai 8.6 16.3 74.3 57.8 16.5 3.5 0.9
Zagadka 9.1 13.8 76.4 580 184 3.2 1.0
Titania 8.8 16.1 74.4 58.6 158 3.7 1.0
Varmas 8.7 17.5 73.0 58.5 145 4.1 1.3
Vyciai 8.1 12.5 78.5 613 172 3.6 0.9
Ojebyn 8.0 16.3 75.0 58.8  16.2 3.6 0.8

processes. Western diets are known to contain excessive
amounts of n-6 FAs, which have been linked to pro-inflam-
matory effects. A favourable n-6/n-3 ratio suggests that an
increased consumption of foods rich in blackcurrant seeds
could help to reduce inflammatory responses, including those
associated with cardiovascular diseases and metabolic dis-
orders. Developing novel food products from juice produc-
tion pomace could provide a concentrated source of n-3 FAs,
potentially increasing n-3 intake and having a benefit for
human health.

Cluster analysis linked close together the genotypes
according to the parents in the pedigree (Fig. 1). The shortest
linkage (distance <1.9) and a common shoulder of a cluster
was between the genotypes that had ‘Ojebyn’ or ‘Kantata 50

or both in their pedigree: 10B, ‘Titania’, ‘Pilénai’, ‘Ojebyn’,
‘Almo’, ‘Asker’, ‘Mairi’, 1-96-16, and ‘Elo’. According to
the previous study of Savikin et al. (2013), cluster analysis
based on the seed oil FA profiles is a convenient method for
distinguishing the origin of blackcurrant seeds. In their study,
all Ribes nigrum L. genotypes were categorized in one cluster
at a low linkage distance. However, in the current study, the
genotype ‘Pamyati Vavilova’ was distinguished from the
other genotypes due to its lowest concentration of LA and
highest concentrations of GLA and SA. These differences are
influenced by the pedigree of the only genotype studied,
originating from Belarus, which has no common parents with
the other genotypes.



53

Blackcurrant genotypes’seed content

Tree diagram for 22 blackcurrant genotypes based on fatty acid percentage
Single linkage
Euclidean distances
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Fig. 1. A diagram based on the Euclidean distances between 22 blackcurrant genotypes evaluated according to the percentage of

individual FAs from total FAs in the seeds of Ribes nigrum L.

Conclusions

Based on the current work, it can be concluded that the seed
content of the studied blackcurrants varied by genotype by
2.2%—4.6%, being the highest in the genotypes ‘Karri’ and
‘Elo’. The highest seed content in these genotypes was in
correlation with their highest oil concentration per fruit.
It was demonstrated that the oil content in berries depended
more on the proportion of seeds in the berries than on the
weight/size of the berries. Seed content is an important factor
in cultivar selection and breeding programmes. Understand-
ing the genetic basis for the variation of seed content can help
to develop blackcurrant varieties oriented to specific market
demands.

Based on the percentage of individual FAs from the total
FAs in the blackcurrant seeds, the cluster analysis linked close
together the genotypes that had ‘Ojebyn’ or ‘Kantata 50” or
both in the pedigree. Three cultivars, ‘Ben Sarek’, ‘Lentjai’,
and ‘Pamyati Vavilova’, had five FAs higher than the average
of the tested genotypes. Blackcurrant seeds are a valuable
source of unsaturated FAs, mainly a-linolenic acid, oleic acid,
and y-linolenic acid. A balanced ratio of n-6/n-3 FAs (<4)
makes blackcurrant seeds valuable from a nutritional point of
view. Cluster analysis based on the seed oil FA profiles is a
convenient method for distinguishing the origin of seeds.

More information about the composition of blackcurrant
(Ribes nigrum L.) berries can provide additional opportunities

for the utilization of juice production by-products to develop
novel foods and cosmetic products or in animal nutrition.
This, in turn, can have a significant impact on environmental
sustainability by reducing food production waste and promo-
ting resource usage efficiency.
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Musta sostra (Ribes nigrum L.) genotllipide seemnete sisalduse ja
rasvhapete profiili hindamine

Viive Sarv, Reelika Ratsep, Marge Malbe, Hedi Kaldmae, Sirje Kuusik, Piret Raudsepp,
Asta-Virve Libek ja Ave Kikas

Kahel jarjestikusel aastal uuriti kokku 22 musta sOstra genottlpi: 'Karri’, 'Almo’, ‘Ats’, 'Elo’, 'Varmas’, ‘Mairi’,
‘Asker’, ‘Pilénat’, 'Vy¢iai’, ‘Ben Alder’, ‘Ben Nevis’, ‘Ben Lomond’, ‘Ben Sarek’, ‘Intercontinental’, ‘Titania’, 'Ojebyn’,
‘Lentjai’, 'Pamyati Vavilova', 'Zagadka’, 10B, 1-96-16 ja 2-96-51. Uurimist6d eesmark oli vérrelda marjade massi,
seemnete sisaldust marjades ning seemnetes sisalduvate rasvhapete profiili. Rasvhapete koostist maarati
ja kvantifitseeriti gaasikromatograafiga.

Musta sGstra marjade mass varieerus genotulibist sdltuvalt 1,0-1,7 g vahemikus, olles suurim genotttpide
‘Mairi, ‘Karri', ‘Intercontinental’ ja ‘Lentjai’ korral. Seemnete sisaldus marjades jai 2,2%-4,6% vahemikku, olles
suurim genotiilipide ‘Karri’ ja 'Elo’ puhul. Olisisaldus korreleerus positiivselt seemnete sisaldusega marjade
margkaalu kohta, olles suurim genotulpide 'Karri’ ja 'Elo’ korral - vastavalt 1,2% ja 1,3%. Kahe aasta keskmine
Olisisaldus seemnetes varieerus 24,4%-31,2% vahemikus, olles suurim genotttpide '‘Ben Nevis’, 'Pamyati
Vavilova' ja ‘Asker’ puhul. Rasvhapetest leidus musta s&stra seemnetes kdige rohkem linoolhapet (LA, 40,1%—
48,6%), millele jargnesid a-linoleenhape (ALA, 11,7%-16,5%), oleiinhape (OA, 10,3%-16,4%) ja y-linoleenhape
(GLA, 10,9%-15,6%).
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ABSTRACT

In remote areas with insufficient ground infrastructure, user devices (UDs) are constrained by
limited computing resources, which poses substantial challenges to achieving low-latency and
energy-efficient data processing. To address these issues, this paper proposes a dual-layer
heterogeneous network architecture that makes full use of unmanned aerial vehicle (UAV) and
low Earth orbit (LEO) computing resources. Considering the high mobility of LEO satellites,
the characteristics of channel variations, and the queuing delay of user task offloading, the
optimization objective is modeled as a mixed-integer nonlinear programming problem, aim-
ing to minimize the weighted sum of delay and energy consumption (i.e., the total system
cost). A low-complexity alternating optimization algorithm is proposed. The original problem
is decomposed into three subproblems: bandwidth allocation, central processing unit (CPU)
frequency allocation, and task scheduling optimization, which are solved using convex opti-
mization, the Lagrange multiplier method, and the alternating direction method of multipliers
(ADMM), respectively. Finally, the Pareto method is used to seek the best trade-off among the
optimization objectives. The simulation results indicate that the average total system cost of
the alternating optimization for task offloading and resource allocation (AOTORA) decreases
by 25.8%, 11.63%, 12.48%, and 6.84% compared with random optimization, equal bandwidth
allocation, the offloading LEO satellite algorithm, and distributionally robust optimization,
respectively.

1. Introduction

With the rapid advancement of mobile communication and network technol-
ogy, user devices (UDs) face growing demands for low latency, high energy
efficiency, and enhanced experience, requiring sufficient computational ca-
pacity for efficient task processing [31]. New standards and technologies for
next-generation mobile systems that include Internet of Things (IoT), cloud
computing, and edge computing [13,14,25,29] are being proposed and imple-
mented, while cloud computing is highly dependent on the network, and cen-
tralized management tends to lead to competition for users’ resources, which
in turn triggers service disruptions or higher response latency. The Cloudlet
concept [30] proposes the concept of first edge computing, which means
offloading computation and storage to the periphery of the network (e.g., edge
nodes) adjacent to UDs in order to provide computation resources and storage
to nearby UDs [23].

However, due to the limitation of network capacity and coverage, the tra-
ditional terrestrial edge computing system cannot meet the computing needs
of Internet of Remote Things (IoRT) users in remote areas such as oceans and
mountains [19]. Fortunately, space-air-ground integrated networks (SAGIN)
constitute a vital part of future communication systems, offering seamless
coverage and adaptability to diverse services. SAGIN utilizes a heteroge-
neous architecture and consists of three network segments: satellite, airborne,
and ground segments [6]. For the airborne part, unmanned aerial vehicles
(UAVs) serve as an effective auxiliary device, offering flexible deployment,
broad coverage, and low cost [38]. For the satellite part, the low Earth orbit



Task offloading and resource allocation for SAGIN

(LEO) satellite networks provide extensive coverage and extend connectivity to remote regions such
as oceans and mountains, enabling reliable long-term communications for ground users. In addition,
the network architecture exhibits significant complexity. The link quality and coverage of aerial
networks vary dynamically, resulting in fluctuations in server availability and communication la-
tency. Moreover, distinct network segments within SAGIN possess heterogeneous link qualities and
capacity constraints, making the design of efficient computational offloading strategies a critical
challenge [8,28].

In the study of ground- or UAV-assisted computation offloading and resource allocation, Li et
al. [16] aimed to minimize the overall system cost and proposed a method that combines partial
offloading with collaborative mobile edge computing (MEC). They transformed the problem into
a multi-objective optimization problem and solved it using a two-tier alternating optimization
framework. Su et al. [34] proposed a collaborative optimization framework that jointly considers
task offloading and UAV trajectory design to minimize the energy consumption of UDs. Shen et
al. [32] presented a novel UAV-based computation offloading scheme aimed at minimizing both
the mean task completion latency and energy consumption in vehicular networks. Qi et al. [27]
introduced a dual collaborative computation offloading strategy leveraging multiple UAVs in a
MEC framework, aiming to optimize user scheduling of UAV paths to improve the system’s energy
efficiency. Zhong et al. [44] proposed a dual UAV-supported edge computing system aimed at
minimizing the total user latency by optimizing UAV trajectories, computational resource allocation,
and UAV function switching. Although Li et al. [16] optimized the computing costs for ground
terminal devices, the scalability is poor, and the deployment locations of edge servers are fixed with
a limited coverage radius. In addition, research work in [16,27,32,44] mainly focuses on single-
layer network architectures, which have limitations in both space and resources: first, it ignores
the collaborative architecture between UAVs and LEO satellites; second, drones are constrained
by hardware resources, and their limited onboard computing capabilities make efficient trajectory
planning in complex environments such as oceans and mountains challenging.

Therefore, we explore the distribution of computational tasks and resource management in the
integrated dual-layer system of UAVs and LEO satellites. Chen et al. [4] introduced a space-centric
approach for offloading computational tasks, considering the limited coverage time and limited
resources of LEO satellites for maintaining service continuity, minimizing the overall execution cost
by optimizing the offloading decision and power control. Li et al. [15] investigated low-energy UAVs
and LEO satellites-assisted mobile edge computing in SAGIN, aiming to optimize the long-term
energy performance of UAV machines and LEO satellites by jointly optimizing task scheduling, UAV
trajectories, and bandwidth allocation. Zhang et al. [22] and Liu et al. [41] studied the task offloading
mechanism under the SAGIN architecture, but with different focuses. The former considered the
dynamics of the device in a comprehensive manner, while the latter focused on power-constrained
IoT device scenarios. Li et al. [17] proposed a new space-air-ground-sea multi-layer computing
offloading architecture, using high-altitude platform stations as relay nodes and optimizing task
offloading and resource allocation through multi-agent proximal policy optimization (MAPPO)
to minimize multi-objective issues such as latency, energy consumption, and operational costs.
Most of the existing studies employ intelligent algorithms such as deep reinforcement learning
(DRL), multi-agent stochastic learning (MASL), or MAPPO to address the optimization problem.
However, the scenarios considered in this work involve complex environments, such as mountainous
regions. Since DRL relies on deep neural networks, it is difficult to deploy on resource-constrained
platforms such as UAVs. Moreover, training such models may take from several days to months,
which fails to meet the real-time requirements of UDs.

In comparison, alternating optimization, as an efficient low-complexity algorithm, provides
a more concrete and feasible solution approach for resource-constrained dynamic environments.
He et al. [10] explored the data offloading problem in SAGIN and proposed an approximation strat-
egy to optimize task scheduling and power control, balancing energy consumption and completion
time. Mao et al. [24] presented a joint space-air cloud-edge computing structure aiming to minimize
the maximum computational latency between IoT devices through the joint optimization of correla-
tion control, transmission power, task allocation, and bandwidth distribution. Sriharsha et al. [33]
proposed a combination of terrestrial fixed MEC and UAV relaying to minimize the total energy
consumption of the user equipment by optimizing UAV trajectory and connection scheduling.
Mei et al. [26] proposed a space-air-ground cooperative network using non-orthogonal multiple
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access (NOMA) technology, employing a block coordinate descent method to decompose the origi-
nal problem into multiple interrelated coupled subproblems, jointly optimizing power control and
computation frequency allocation, as well as task offloading strategies, aiming to minimize system
energy consumption. Existing works optimize the energy consumption or latency of UDs, but ignore
the limited computing power or coverage time of LEO satellites [10,24,26,33].

In addition, in complex dynamic scenarios, Xie et al. [39] proposed an enhanced snow ablation
optimization algorithm (ESAO), which significantly enhances convergence speed and global search
capability by introducing an adaptive T-distribution, Cauchy mutation, and leader boundary control
strategy. Liu et al. [20] demonstrated how to combine hybrid neural network models with metaheuris-
tic optimization strategies to effectively address nonlinear system prediction tasks. Liu et al. [21]
further emphasized the importance of implementing customized evolutionary optimization in com-
plex energy management systems. ESAO in Xie et al. [39] and alternating optimization belong to
different optimization paradigms, but ESAO needs to gradually converge to a satisfactory solution
through hundreds or even thousands of iterations, at the cost of higher computational complexity.
This study focuses on the optimized allocation of static resources, providing a fundamental solution
for resource management in space-air-ground integrated networks. However, real-world network
environments are highly dynamic, and the next challenge this research faces is inherently related to
the existing outstanding work. First, in terms of temporal dynamics, the task of randomly arriving
problems is similar to the oil temperature prediction problem addressed by Liu et al. [20], with the
core issue being how to accurately characterize a dynamically changing process. Second, in terms
of the nature of the problem, this study, similarly to another work by Liu et al. [21], falls under
the category of multi-objective optimization under constrained resources, laying a foundation for
later leveraging of their advanced hybrid optimization algorithm frameworks (such as DE-HHO) to
address more complex dynamic scheduling scenarios in this problem.

Based on the above research, to address communication and computing needs in remote areas
and emergency scenarios, this paper constructs an space-air-ground network in which a drone swarm
carrying edge servers collaborates with LEO satellites. In this network architecture, drones provide
temporary and rapid computing services, while satellites ensure broader communication coverage.
However, the high mobility of satellites results in limited coverage time and periodically varying
channels, posing challenges for heterogeneous network resource management. Therefore, we propose
a joint optimization problem to minimize the total computation cost for ground users (weighted
sum of computation delay and energy consumption) by jointly optimizing bandwidth allocation,
computing resource allocation, and task offloading scheduling, under the constraints of maximum
workload and communication resources. The main contributions are summarized as follows:

1. A dual-layer heterogeneous network system that fully utilizes UAV and LEO computing
resources is proposed. Considering the high mobility of LEO, channel variation characteristics,
and user task offloading queuing delay, the optimization objective is modeled as a mixed-
integer nonlinear programming problem, aiming to minimize the weighted sum of latency
and energy consumption.

2. To address this issue, we propose a low-complexity alternating optimization algorithm.
The original problem is decomposed into three subproblems: bandwidth allocation, cen-
tral processing unit (CPU) frequency allocation, and task scheduling optimization. Con-
vex optimization, the Lagrange multiplier method, and the alternating direction method of
multipliers (ADMM) are used to solve them, respectively, and finally, the Pareto approach is
applied to seek the best trade-off among the optimization objectives.

3. Simulation results demonstrate the convergence and superiority of the proposed alternating
optimization for task offloading and resource allocation (AOTORA) algorithm. Compared
with other benchmark schemes (random optimization, equal bandwidth allocation, full satellite
offloading, and distributed robust optimization), the average total computational cost per user
is reduced by 25.8%, 11.63%, 12.48%, and 6.48%, respectively.

The remainder of this paper is organized as follows: Section 2 presents the system models, Section 3
presents the formulation and analysis of the problem, Section 4 develops the AOTORA algorithm to
solve the problem, Section 5 provides an analysis of the simulation results, Section 6 summarizes
the research findings, discusses limitations, and outlines future research directions.
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2. System model and problem description

2.1. Network model

This paper considers a dual-layer space-air-ground internet of the [oRT network, and the specific
system model is illustrated in Fig. 1a. The space-based network is composed of L LEO satellites
equipped with edge servers, one of which is selected to establish a communication link with the
ground, and the set of LEO satellites is denoted by [ € L = {1,2,...,[,...,L}. LEO satellite
communication links are updated periodically over time. The air-based network consists of N UAVs
equipped with edge servers, which are fixed in position and hover in the air, and the set is represented
byne N ={1,2,...,n,...,N}. Both satellites and drones can provide computing services to
ground-based devices. The terrestrial network consists of M UDs, and the set is represented by
meM={1,2,....m,...,M}.

Depending on the UDs, the computational tasks take different computational approaches,
which can be offloaded to the LEO satellites or forwarded to the UAVs for processing by the ground
users via wireless links. Assuming that each UD has only one computational task J,,, = {D,, A},
where D, denotes the task data size of the UD and 4,,, denotes the CPU frequency cycle needed
to process a single bit of data. Since tasks cannot be split, UDs must choose between UAVs and
LEO satellites as offloading targets [36]. In addition, considering the variable channel environment
among the UDs and the LEO satellites, UDs need to select the appropriate LEO satellites for mission
computation. Table 1 provides an overview of the main symbols of the system.
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Fig. 1. System network model: UD network model (a) and the position relationship between UD and LEO satellite (b).

2.2. Coverage model

The high maneuverability of LEO satellites results in dynamic variations in their coverage areas,
which makes it challenging to maintain continuous and stable communication links. Therefore, the
satellite coverage model must account for these dynamic changes. According to [36], communica-
tion and computation can only occur when specific geometric relationships are met (see Fig. 1b).
LEO satellites operate in predetermined orbits, /,,; represents the distance from the UDs to the
LEO satellite orbit, R, denotes the Earth’s radius, and d,, ; is the distance between the UDs and the
LEO satellite. 6 represents the elevation angle of the UDs, and the solving formula is

(Re + hm,l
6 = arccos | ———=

-siné). (1)

m,l
The geocentric angle ¢ from the Earth’s center covering the LEO satellite’s range is calculated as

0 = arccos ( - COS 6) - 6. )

e
Re + hpm
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Table 1. System variables

Notation Definition
MI/N/L Number of UDs/UAVS/LEO satellite
Jn ={Dm, Am} UD m task data size and CPU required for computation
dm,1 Distance between UD m and LEO satellite /
him,1 Distance between UD m and satellite orbit
H /H! Channel gains from UD m to UAV n and to satellite /
Run/Rm, Distance between UD m and satellite orbit
B"/B! Bandwidth of UAV 7 and satellite /
Bm.n Bandwidth coefficient of UAV n allocated to UD m
Sl fmt Computational resources from UAV rn and satellite / to UD m
P [ Frx Maximum computational resources of UAV #n and satellite /
DPmn/Dm,i Uplink transmit power of UD m
PPt Launch power of UAV r and satellite /
ton] oo/ t,",vi‘",; Transmission, computation, and wait time between task D,, and UAV n
EY, E Transmission and computation energy consumption between task J,, and UAV n
o 157 tifllay /1> | Transmission, computation, propagation, and wait time between task J,, and satellite /
E;’: JET Transmission and computation energy consumption between task J,,, and satellite /
ton [t Computation time of task J,,, on UAV n or satellite /
Emn/Em; Computation energy consumption of task J,,, on UAV n or satellite /
Amonlam, Offloading decisions from UD m to UAV 7 and satellite /
Tn/Em Total computation delay and total energy consumption of all tasks
0% Lagrange multiplier vector
o Penalty parameter
) Weight factor
o? Noise power
Tmax/Timin Maximum and minimum total delay required for all tasks
Enax/ Emin Maximum and minimum total energy consumption for all tasks

Therefore, the maximum communication time between the UD and LEO satellite is
T.=—, (3)

where v represents the satellite’s velocity, and L represents the arc length of the communication
time between the UD and LEO satellite, which can be calculated by

L=2(Re+hmy) 6. 4

The satellite orbit altitude £, ; and the Earth’s radius R, are system constants. The orbital
velocity of a satellite is vy, determined by the orbital altitude, and the satellite is in the same orbit,
which is also a constant for near-circular orbits. Most importantly, the geocentric angle § proved to
be a self-consistent and definite mathematical solution through Eq. (2). Once the satellite and user
position are determined, the coverage angle ¢ is a fixed value, resulting in the communication arc
length L and the final time 7T also being fixed. An update cycle is set, and after each cycle, the system
will re-compare the channel conditions of each satellite and determine the optimum. We choose
satellite coverage time constraints, periodically updated channels, and fixed-interval mission data
volume randomness as modeling starting points, which aim to focus on solving the core complexity
of NP-hard resource allocation.

2.3. Communication model

Given that the size of computational results is significantly smaller than that of input data, the downlink
transmission rate is much higher than the uplink rate. This paper focuses solely on uplink transmis-
sion latency and energy consumption, while neglecting the downlink latency and energy overhead
from satellites and UAVs to UDs. Both the ground devices’ and the UAVs’ positions are fixed, the
location of UD m is represented as W,,, = (X, Y, 0), the UAV hovers at an altitude of 4 with the
coordinates W,, = (x,, yn, h), and the channel gain between UD m and UAV n is denoted as
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H" = Yo (5)

B P ey T

where vy is the channel power gain at a reference distance of 1 m and « is the path loss exponent for
the UD-UAV link.

When a ground-based IoT UD selects a LEO satellite for task offloading, the satellite begins to
perform in-orbit computations for the upcoming task. All LEO satellites operate at the same orbital
altitude A, ;, and the UD m and LEO satellite / channels are modeled by

. Ga

= —————— * Nghadow * Amultipath> 6
™= Trdos (D) shad Itipath (6)

where G indicates the antenna gain, A denotes the signal wavelength, d,, ;(#) denotes the distance
between UD m and LEO satellite / in the same cycle, and hshagow and Amyyiipah denote the shadow
fading and multipath effects, respectively.

UD m transmits upward through the wireless channel. When UD m connects to UAV n or LEO
satellite /, the uplink transmission rates are respectively expressed as

Roun = BnB" log, | 1 4+ —imPmn (7)
m,n m,n 2 Z H?pi,n+0'2 5
i+m
Hl
Ry = B'log, (1 + p’"’l2 '”) (8)
ag

where f3,,,., represents the bandwidth allocation coefficient assigned by UAV 7 to UD m, and B™, B!
denote the available channel bandwidths for UAV n and LEO satellite /, respectively. The terms
DPm.ns Pm,1 correspond to the transmission powers between UD m and UAV n, as well as between
UD m and LEO satellite [. »; H!p;  denotes the total interference caused by other terrestrial UDs

i£m
transmitting data from UD m to UAV 7 based on the same channel, and o2 signifies the background
noise inherent in communications between ground UDs and other devices.

2.4. Computation model

For UDs, two computational offloading schemes are available. The binary variables a,, , and b, ;
are defined as the offloading decision variables for ground UDs, where a,,_, = 1 signifies that UD m
is allocated to UAV n, otherwise a,, , = 0. Similarly, b,, ; = 1 indicates that UD m is allocated to
satellite /, otherwise b, ; = 0. Determine the optimal UDs’ offloading selection by minimizing the
UDs’ total computational cost.

(1) UAV computing: Within the UAV computing framework, the computational task J,, is
transferred to UAV n for execution. The computational power (CPU cycles/s) allocated by UAV # to
UD m is denoted as f,;, ,, which may vary across different UD m. The maximum computational
power of UAV n is denoted as F,'**. The processing latency of the computational task J,, by UAV is
denoted as

D
lup _ m , 9
mn = 9)
A
tcom — m , (10)
m,n fm,n

where 1,,} , and 75

"» represent the transmission latency and computational latency of user task J, to
UAV n, respectively.

Additionally, if the UAV resources are currently occupied, the waiting delay for the next unloading
task is t,‘;vla‘rt The total execution time for task J,,, from UD m to UAV n is

com _ ,Up com wait
tm,n - tm,n + tm,n + tm,n' (1 1)
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The energy consumption of task J,, computed from UAV is denoted as

E]rJrEn = pmt;lr?,ne (12)
P
Ezf,f;‘:p”-f’”, (13)
m,n
Epp=Emn+EW, (14)

where p™ and p" are the transmit powers of UD m and UAV n. E,‘j{n, E;%, and Eyy, , denote the cor-
responding transmission energy consumption, computational energy, and total energy consumption
of task J,, on UAV n.

(2) LEO satellite computing: Within the satellite computing framework, the computational task
Jm 1s transferred to satellite / for execution. The computational power (CPU cycles/s) allocated by
satellite / to UD m is denoted as f;, ;, which can be different for different UD m. The maximum
computational power of satellite / is denoted as F;"**. However, the communication process between
UDs and the satellite is subject to propagation latency. The execution latency of the computational

task J,,, by satellite / is denoted as

D
M= 1
m,l R (15)
delay dm,l
o = (16)
A
o = 1 (17)
m,l fm,l

where d,,, ; is the distance between UD m and satellite /, ¢ is the speed of light, and tiﬁ P tf:}?y, and t;;’rl"
represent the transmission latency, propagation latency, and computational latency, respectively.

Additionally, if the LEO satellite resources are currently occupied, the waiting delay for the next
unloading task is tr",vla}t The total execution time for task J,, from UD m to LEO [ is

_up delay com wait
Imi =1l + 1, Flyy ¥l (18)

The energy consumption of task J,, computed from satellite / is denoted as

E;lqlil = pmt;l:,z’ (19)
Pl
Ex =p' (20)
’ fm,l
Eni= E;El +Eg7, 21)

where p! is the transmit power of LEO satellite /. Efr]:l, E?, and Ey,; denote the corresponding
transmission energy consumption, computational energy consumption, and total energy consumption

of task J,,, on satellite /.

3. Problem description

Based on the computational models above, the total delay and total energy consumption required for
system computing tasks are expressed as follows:

T, = Z Amnltmn + bm,ltm,l, (22)
meM
E, = Z am,nEm,n + bm,lEm,l- (23)

meM
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We studied the joint optimization problem of bandwidth allocation, computational resource
allocation, and user scheduling, aiming to minimize total system cost, which is formulated as

P: mi 0T+ (1-0)E
a%fmezM{wm (1-@)En)

s.t. Cl: {am,n,bm,l} e {0,1},Ym,n,

C2: Y pmn+ ) by =1,Ym,

neN le L
C3:0 < frun S FP™, D7 fnn < FI,
meM
C4: 0 < fyns S F™, " frus < F™,
meM

C5:0< Bmn < 1,Vm, n,
C6: > fn < 1,Vn,

meM
C7: b itmy < Te. (24)

We set the objective optimization problem P (i.e., the total system cost) as Cost, where @ is the
weighting factor, @ = (0, 1]. Constraint C1 denotes that the offloading decision for each UD is a
binary variable, constraint C2 indicates that only one offloading method can be selected per UD,
constraints C3 and C4 stipulate that the computational resources allocated to the UDs do not exceed
the inherent limitations of the UAVs or satellites, C5 and C6 ensure that the total bandwidth allocated
by the UAV to the UD does not exceed its available bandwidth, and constraint C7 ensures that the
UD task offloading time to the satellite is within its coverage time.

Since the optimization objectives 7 and E have different magnitudes and units, the two conflicting
objectives are normalized, which can provide a complete Pareto optimal solution for our problem [12].
We introduce a weighting factor @ to balance the objective functions:

T — Tini E,. — Eni
PO: min Z {@—m =+ (1-0)—— }
a,b.p.f meM Tmax - Tmin Emax - Emin

s.t. C1-C8. (25)

Here, Thax and Ty represent the maximum and minimum values of the total system computation
delay, respectively, while Ep.x and Ep;, represent the maximum and minimum values of the total
system computation delay for the reformulated problem PO. We can obtain the following formula:

PO: min Z {®AT,, + (1 — ®)BE}

meM
s.t. C1-C8. (26)
The solution value of problem PO is denoted by Q, where V = @%_"‘Tmm + (1 - J))%,
A= Tmaxl—Tmm’ B = Emaxl— £ are constants and @ is the weighting factor @ = (0, 1].

The numerical value of the optimization objective depends on the transfer rate of the user task,
computational resource allocation, and user offload scheduling. Owing to their closer proximity
to UDs compared with satellites, UAVs can serve multiple users simultaneously. Furthermore,
efficient bandwidth allocation can further reduce transmission costs. Moreover, given the limited
computational resources of UAVs and satellites, efficient resource allocation for UDs is essential
to minimize computational costs. Finally, to realize space-air-ground integrated networking, user
terminals must dynamically integrate UAVs and satellites by jointly scheduling their complementary
resources, thereby minimizing the total cost for all users. However, optimizing offload scheduling
is complex due to its binary nature, affecting both bandwidth and resource allocation, with these
variables being interdependent. The non-convexity of the optimization objective P and constraints
C1 and C2 makes direct solving difficult. In this paper, we decompose the optimization problem and
provide solutions for the subproblems discussed in Section 4.
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4. Proposed solution

Based on the above analysis, the optimization objective is a mixed-integer nonlinear programming
(MINLP) problem, which is difficult to solve directly. We decompose it into three subproblems:
bandwidth allocation, computational resource allocation, and task offload scheduling, and solve
them by convex optimization, the Lagrange multiplier method, and ADMM algorithms, respectively.
Finally, an AOTORA algorithm is proposed jointly for the three subproblems to minimize the total
user computational cost.

4.1. Bandwidth allocation optimization

Given the parameters a and b, the bandwidth and computational resources optimization problem
is not coupled; therefore, this paper is divided into two subsections, 4.1 and 4.2, to explain the
solution process. Subsection 4.1 focuses on optimizing the bandwidth allocation problem. Through
the observation and analysis, we find that P1 is an LP problem, where the meaning of 3, , is a
portion of the bandwidth between UDs and UAVs. The optimization problem can be expressed as

Pl: min
ﬁ ¥

] Du ) ] D
s.t. @ +(1-) (pm . <
mZeM (ﬁm,nB" log, (1+ %) BrnBlog,(1+x) ) =

0<Bmn <1,Vm,n,

Z Bmn < 1,Vn, (27)

meM

HryrlzpmJl . . . .. . . .
where X = S Hipinio?” By taking the second derivative of the optimization variable S, , in

2
P1, we can obtain a?ﬁ(‘p)ﬁ > 0, so P1 is a convex function, which is addressed using the convex

optimization algorithm tool, the CVX toolkit [9], to obtain S*.

4.2. Optimization of computing resource allocation

Given the parameters a, b and the bandwidth allocation S, the optimization problem with respect to
the computational resource f can be formulated as

A A
P2.1:minZ a')( m)+(1—a‘))(p". m)}
Sm,n meM fm,n fm,n

D fon S EP (28)

meM

A A
) (_m) +(1-@) (pl . _m)]
meM fm,l fm,l
$..0 < fing < F™

D Fus < B (29)

meM

P2.2: I}Erll Z

We set the objective function of Eq. (28) as ¢, and we obtain

d(p1) _Am P Am
-t (1 - 0,
YT B A U
3%*(¢1)
A
3*(¢1) _ 0

a(fm,n)a(fm,,n)
O<m<M,m#m. (30)
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We observe that the objective function ¢ of problem P2.1 is positive definite and can be
addressed using the Lagrange multiplier method (similarly for P2.2). The Lagrange functions are
expressed as

Ll(fm,n,m=2[ (}f )+<1—w)( Jf’")

meM

+ u ( D Fon - F"‘) (31)

meM

(32)

{5 ).

meM

b= 3 [o ) 100 o 2

meM

where p and v are both non-negative, and the Karush—Kuhn—Tucker (KKT) conditions for Eq. (31)
are formulated as

OL(fm,n, 1) [ - m
— Y =—-|® + (1 - ) +u=0, (33)
0 fm.n (fimn)? (fm n)2
8L m,ns
(](; , ) _ Z fonn _F;tnax =0, (34)
H meM
u ( > fumn— F| =0, (35)
meM
From the above equations, we obtain
NGO Ay + (1 = @) - Ay - "
\/_ = Z Jmax ' (36)
meM n
Therefore, the optimal solution f,, ,,* can be expressed as
Am(0+ (1 —w) - p"
o @41 -0) ) an

Smem VAm(@ + (1= @) - p")

Similarly, according to the KKT conditions of Eq. (32), the optimal solution f,, ;* can be expressed
as
. (@ + (1 - @) - pt .
i = 2O LD D) 38)
XimeM \//lm(w +(1-@)-p')

4.3. User scheduling optimization
Given 8 and f found in subsections 4.1 and 4.2 above, the optimization problem for the offloading
decisions a and b is described as

P3: min Z {(Z)Tm + (1 - cD)Em}
a.b meM
s.t. C1-C8. (39)

Since a and b are binary variables, integer programming algorithms such as genetic algorithms
have slower search speeds and require more training time, while the computation load of the cutting
plane method is large, which increases the complexity of problem solving to some extent [2,11,42].
Taking these factors into account, this paper introduces a distributed computation offloading algo-
rithm based on ADMM to solve the problem. However, this algorithm needs to evaluate the feasible
region of each variable, introducing linear relaxation and transforming the original problem P3 into
a convex optimization problem. The feasible regions of the optimization variables a and b, A, and
Ap, are defined as follows:
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A ZmeM am,nfm,n < F’;nax’o S<amnp= 1,Vm,n.
AN=3 Znem D fms S FP™,0 < by < 1,¥m, 1o 4. (40)
1 bty < Te, ¥m, 1.

The original question P3 can be rewritten as

P3': min > AT+ (1-0)En}
meM
s.t. Eq.(45),C2, C8. 41)

The augmented Lagrange function is as follows:

LP(a’ b) = P3,(am,n, bm,l) + yT (Z Amn + Z bm,l - 1)

neN le L
) 42)
+§(Z am,n+2bm,1_1) ,
neN le L

where 7 is the Lagrange multiplier vector, p is the penalty parameter, and 1 is the M-dimensional
vector. This objective function and constraints are convex; a, b, and vy are updated in sequential
order as

P3, (am,na bm,l(i)) + ('y(i))T (Z Am,n + Z bm,l(i) - 1)

neN leL

a™ = arg min
a

) 43)
+ g (Z Amon + Z bV - 1) ]
neN le L
pl+h) — arg mianS’ (am,n(i”), bm,l) + (7(i))T (Z am’n(i”) + Z bm, — 1)
b neN le L
) (44)
+ g (Z ATV + Z Bt — 1) ]
neN le L
y(m) _ argnr{yin Py’ (am,n(i+l),bm,l(i+l)) + (,y)T (Z am’n(i+1) + Z bm,l(i+1) _ 1)
eEN lel
" ) (45)
+ g (Z D+ by Y - 1) ]
neN le L

The termination condition, defined by ||a(i+1) - a(i)|| < &g, ||b(i+1) - b(i)” < g41, 1s satisfied when
the algorithm stops or reaches the limit of iterations /. In this section, the original problem is solved
by transforming the discrete variables into continuous variables so that the nonlinear problem P3 is
turned into a linear problem and an explanation is given. Now, the continuous variable is reduced to
a binary variable taking values a and b. The specific recovery method is as follows:

(46)

a =

. 1, ifam,=max{amn,bm,i},Vm,n,l
0, otherwise )

We denote the binary variable as A* = {a*, b*}. The method for solving P3 is detailed in Algorithm 1.
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Algorithm 1. ADMM for solving P3.
1. Input: M, N, g4, €q1.
2 Initialize: a®, @, £ O = {f,, @ £, O O =0
3: Repeat:
4 update the global variable a"*!) according to Eq. (43),
5: update the global variable »*1) according to Eq. (44),
6
7
8
9

update the global variable y“*1) according to a'**!), b(+1) and Eq. (45).
ci=i+1
cuntil [[aTD —a Dy < ggn, |6 = D]y < 4.
: Output the optimized solutions a* and b*.

4.4. Overall algorithm convergence and complexity analysis

The algorithm iteratively solves three subproblems, refining the solution at each step. By introducing
relaxation and approximation, the iterative updates converge to near-optimal results. Algorithm 2
outlines the iterative process for solving the overall optimization problem P. In each iteration,
when we fix two of the variable blocks, the remaining single subproblem is usually convex or can be
transformed into a convex problem. This means that solving each subproblem strictly reduces the
total system cost. Since there is a lower bound on the total cost determined by system constraints,
the cost sequence generated by the algorithm is monotonically decreasing and bounded below,
which guarantees that the algorithm will converge to a stable point. Similar alternating schemes
have also been shown to converge efficiently in existing literature [24,36]. Algorithm 2 outlines the
iterative process for solving the overall optimization problem P. A more detailed convergence proof
is as follows:
First, in the r-th iteration, for a given {A” = {a", b"}} , we obtain

Q(ﬁ(r),f(r),A(r)) > Q(Ig(r+1),f(r)’A(r))' @7

Second, for a given {8, A" = {a”", b"}}, by obtaining the optimal computing CPU frequency
through Eqs (37) and (38), we get

Q(ﬁ(r+l)’f(r)’A(r)) > Q(IB(r+1)’f(r+1)’A(r))‘ (48)

Third, in the ADMM-based Algorithm 1, the objective value L of problem P3 decreases mono-
tonically with the iteration index i:

L, (a(i),b(i)) > L, (a(i+1)’b(i+1))’ (49)
L, ( (i+1) b(’) (a(i+l),b(i+l)), (50)
( (i) b(‘“)) (a““),b("“)). (51)

Algorithm 2. AOTORA for solving P.

i: Input: &,r = 0,50, £ = {fm’n(O)’ fm’l(O)’}7 AO0) — {a(O), b(O)}'

2: Repeat:

3 solve for 8"+ via the CVX toolbox with given a") and b("),

4 solve for f"+1) via the Lagrange multiplier method with given a"”) and »("),
5. solve for AU*1) by Algorithm 1.
6
7
8
9

cr=r+1

- until QD (B, f£,7) = QUHV (B, f. M) < &
: Binary variables a and b recovery. .
. Output the optimized solutions U +D" fr+1)* A+1)*,
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Therefore, for a given {8+, fU+D) = (¢ (+D ¢ (r+D1y it has the following relationship:
Q(ﬁ(r+1)’f(r+l)’A(r)) > Q(ﬁ(r+l)’f(r+l)’A(r+l))' (52)

Based on the above analysis, we can conclude that
Q(ﬂ(r)’f(r)’A(r)) > Q(ﬁ(r+1),f(r+1)’A(r+l)). (53)

The convergence of Algorithm 2 is guaranteed by the following two points: on the one hand, its
objective function value E decreases monotonically with the number of iterations r; on the other
hand, the algorithm always keeps the solution within the feasible domain that satisfies all IoT device
constraints. Therefore, it can be proven that Algorithm 2 has convergence properties.

Next, we evaluate the complexity of the AOTORA algorithm. We use the CVX toolbox to
solve problem P1, and its computational complexity is O (M N). We solve problem P2 using the
KKT conditions obtained through the Lagrange multiplier method, with the complexity denoted as
O(2M + N + 1). In problem P3, the optimization involves 3M variables and 3M (N + 1) constraints,
and its complexity is O(3M (3M (N + 1))). In summary, the full complexity per iteration of the
AOTORA algorithmis O(MN+2M+N+1+3M (3M (N +1))), and the overall algorithm complexity
isR-O(MN+2M +N+1+3M(B3M(N +1))) = R-O(M?), where R represents the final iteration
count of Algorithm 2.

Finally, the alternating optimization (AO) framework adopted in this paper is theoretically based
on the block coordinate descent method [1]. The core idea of this principle is to approximate the
optimal solution of the original problem by decomposing a complex joint optimization problem into
several easier-to-solve subproblems and sequentially optimizing individual blocks of variables while
keeping the others fixed. Compared with ESAO algorithm of Xie et al. [39], AO achieves directional
development through systematic variable rotation, whereas ESAO relies on random mutations for
global exploration. The two algorithms are thus suitable for problems with a clear structure and a
black-box complexity, respectively. This study is further inspired by Liu et al.’s [20,21] predict-then-
optimize hybrid architecture. In the future, combining the AO framework with time-series prediction
models is planned to enable a shift from passive response to proactive planning, promoting the
evolution of air-space-ground network optimization toward anticipatory decision-making.

5. Performance evaluation

5.1. Simulation setup

We examine the performance of the alternating iteration algorithm with guaranteed convergence by
setting up an experimental environment, proving the effectiveness and convergence of the proposed
AOTORA algorithm through simulation, and comparing it with other benchmark algorithms in
different environments to evaluate its performance. The other primary parameters involved in the
experiments are shown in Table 2 [3,7,16,18,37].

Table 2. System parameters

Parameter Value Parameter Value
M 30 B" 40 MHz
N 9 B! 5GHz
h 50m Fax 3 Geycles/s
K 2 F 8 Gceycles/s
D, [3,6] MB p" 1w
Am [100,300] Mcycle p" 5W
Yo —-60 P 10w
0 25 C° Rm,1 700 km
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In this paper, MATLAB is employed for simulation. Three LEO satellites are flying an area of
1000 m x 1000 m at an altitude of 700 km with the orbit altitude of A, ; = 700 km. The distance
between UD m and LEO satellite [ is dy;, ;. M UDs and N UAVs are randomly placed in the
predetermined region. Assuming that UAVs are hovering at a set altitude A, the channel power
gain yq at a reference distance of 1 m is set to —60 dB, the path loss exponent for the UD-UAV link
is k = 2, each UD transmits with a power of 1 W, whereas the UAV and the satellite transmit with
powers of 5 W and 10 W, respectively. The noise power is 107! W. The task size and computational
cycle requirements for each UD are randomly set within a fixed interval.

5.2. Simulation results and performance analysis

The article compares the algorithm proposed in this paper with four benchmark algorithms, in-
cluding random optimization (RO) [5], centralized offioading scheme (COS) [5], equal bandwidth
allocation (EBA) [43], offloading low-earth-orbit satellite (OLS) [40], and distributionally robust
optimization (DRO) [35]. RO means that the ground user randomly offloads self-generated tasks
to the UAV or satellite with equal probability. In the COS scheme, the ground-based cloud data
center serves as the central coordinator of the inputs, and the interior point method is used to solve
the optimization problem. EBA means that all users perform computational offloading with the
UAV, providing equal bandwidth communication services. OLS means that all UDs will offload
their own generated tasks to the satellite. DRO introduces a robust optimization baseline with a box
uncertainty set [44], adjusting the key model parameter, channel gain H”, and H', , to fluctuate up
and down by +10%.

Figure 2a illustrates the relationship between the normalized system cost Q and the weighting
factor @ under different weights and various user tasks. It can be observed that as the delay weighting
factor increases, the Q value also increases. Since the optimization objectives of delay and energy
consumption conflict with each other, a normalization method is used for the solution. Regardless of
how the weighting factor changes, the optimized value Q remains within a certain range and does
not fluctuate significantly.

Figure 2b analyzes the convergence and sensitivity to initial conditions of the AOTORA algorithm
proposed in this paper. Simulation results show that regardless of changes in the weighting factors,
the proposed algorithm consistently decreases rapidly during the early iterations and stabilizes after
the fifth iteration. In addition, we exchanged the iteration order of the three subproblems in 4.1,
4.2, and 4.3 (hereafter denoted as A, B, and C, respectively), and the experimental results indicate
that the final results remain stable, with fluctuations of the optimization problem P value Cost
staying within 1%. In Fig. 3a, we present a sensitivity analysis of the key penalty parameter p on the
system’s AOTORA algorithm. The experiments show that, as the penalty parameter p increases,
the convergence speed accelerates, but the overall final Cost value remains essentially unchanged.
The above results demonstrate its robustness and also indicate that the proposed AOTORA algorithm
has good convergence performance.

(@) (b)
0.60 T T T
0.55 L 230 -—=—©=0.7 (ABC) —@— @=0.7 (CAB) —&— ©=0.5 (ABC)q
—v—©=0.5 (CAB) ——m=0.3 (ABC) =03 (CAB)
0.50 - 220 + 4
045+ 2 =t-—e-0-0-0-0-0-0-0-00-00 000}
3210t ]
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Fig. 2. Performance of AOTORA algorithm: comparison of Q values for different @ and different device quantities (a) and sensitivity analysis
of AOTORA algorithm performance to different weight factors and iteration orders (b).
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Fig. 3. Performance of AOTORA algorithm: sensitivity analysis of the system with respect to the penalty factor p (a) and ablation study
comparison of each subproblem and its combination modules (b).

Figure 3b evaluates the optimization contributions of each subproblem and its combined modules
through an ablation study. The experimental results show that when only a single module participates
in the optimization, subproblem C has the largest contribution, indicating that offloading scheduling
has a significant impact on the delay and energy consumption of computation offloading. Next, when
two submodules participate together, their contributions are higher than that of a single module,
with subproblems A and C contributing more, suggesting that bandwidth allocation has a secondary
influence on the optimization objective. Finally, when all three submodules participate in the
optimization, the optimization value is minimized, and the contribution is maximized, indicating
that computing resources are the third influencing factor.

Figure 4a describes the relationship between the number of UDs in different algorithms and the to-
tal system cost. It is easy to see that as the number of UDs increases, the total system computation cost
also becomes higher. First, the RO algorithm has a larger total computation cost because the system’s
allocation for bandwidth or offloading scheduling is probabilistic and random. Second, although the
EBA algorithm uses ADMM to seek an optimal offloading schedule, communication between users
and UAVs uses equal bandwidth, which, to some extent, increases the total system cost. In contrast,
for the OLS algorithm, the calculation offloading cost for satellites is higher than that for UAVs
due to distance factors. For the DRO algorithm, channel fluctuations degrade link quality, reducing
computation task transmission, and the system needs to invoke more computational resources to
compensate, ultimately leading to a higher total system cost. Therefore, based on the above analysis
and simulation results, the proposed AOTORA scheme reduces the average cost by 25.8% compared
with the RO algorithm, by 12.48% compared with the OLS algorithm, by 11.63% compared with the
EBA algorithm, and by 6.48% compared with the DRO algorithm. Compared with other methods,
the AOTORA scheme shows slower growth in system computation cost and can effectively reduce
the total cost of computation tasks.

(a) (b)
350 . . . . 240 . .
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Fig. 4. Performance of AOTORA algorithm: relationship between number of devices and total system cost (a) and relationship between UAV

quantity and total system cost (b).
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Fig. 5. Performance of AOTORA algorithm: comparison of task CPU frequency and total system cost (a) and comparison of task size and
total system cost (b).

Figure 4b describes the relationship between the number of UAVs and the total system cost under
different algorithms. We can observe that the AOTORA algorithm outperforms the RO, OLS, and
EBA algorithms. First, as the number of UAVs increases, the total system cost decreases. This is
because with more UAVs, the computational resources in the system increase, allowing more tasks to
be offloaded to UAVs for processing, thereby reducing the total system cost. The channel fluctuations
in the DRO algorithm can increase the overhead to some extent. However, there is a certain cost
associated with devices processing tasks, so when the number of UAVs reaches 15, the total system
costs of the AOTORA, COS, RO, and DRO algorithms are relatively close. Second, due to the
average allocation of bandwidth in the EBA algorithm, the cost difference of processing tasks on
UAVs and satellites is small, so an increase in the number of UAVs has little impact on the algorithm’s
performance. Finally, since tasks are not offloaded to UAVs in the OLS algorithm, increasing the
number of UAVs does not affect the algorithm’s performance.

Figure 5Sa illustrates the relationship between the number of CPU cycles required for computing
tasks and the total system cost under different algorithms. We can observe that as the number of CPU
cycles required by computing tasks increases, the total system computing cost for each algorithm
also rises. Specifically, the OLS algorithm has higher computing costs than the other algorithms
due to distance factors; the simulation results for the RO algorithm fluctuate more because of its
randomness, and the DRO algorithm shows variations due to channel fluctuations, sometimes falling
below or exceeding the EBA algorithm. Overall, compared with the RO, OLS, and EBA algorithms,
the AOTORA algorithm proposed in this paper demonstrates better performance and can effectively
reduce the total system computing cost.

Figure 5b describes the relationship between system task data size and total system cost. As shown
in Fig. 5b, the proposed AOTORA algorithm is compared with other schemes. It can be observed that
as the task scale increases, the total system cost increases in all five optimization algorithms. This is
because, for ground users, whether offloading tasks to UAVs or satellite devices, the total system cost
is related to the task scale and increases as the task scale grows. However, as the data volume increases,
compared to the random allocation and scheduling in RO, the idle UAV computing resources in OLS,
and the equal-bandwidth transmission in EDA, the proposed AOTORA algorithm jointly optimizes
bandwidth allocation, computing resource allocation, and user scheduling, more effectively reducing
the total computation cost for users. In addition, the curve of the proposed AOTORA algorithm is
almost identical to that of the COS algorithm, indicating that the proposed computation offloading
strategy can achieve the optimal solution of the COS algorithm.

Figure 6 illustrates the total computing costs of five optimization algorithms (AOTORA, RO,
OLS, EBA, and DRO) and the distribution of total system costs for different algorithms. It can be
seen from the figure that for the RO and EBA algorithms, a larger portion of users’ total computing
costs is distributed on LEO satellites, while the OLS algorithm offloads all user tasks to LEO
satellites, which undoubtedly increases the system’s total cost. In the DRO algorithm, the offloading
proportion between UAVs and satellites is balanced, whereas the AOTORA algorithm offloads a
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larger proportion of tasks to UAVs, resulting in lower system overhead. Its total cost is lower than that
of the other four algorithms because UAVs, compared to satellites, have certain computing resources
and lower costs, playing a key role in this system.

5.3. Applicability and adaptability analysis

The AOTORA algorithm achieves effective control of computational complexity by decomposing
complex problems into independent subproblems, such as resource allocation and task scheduling.
Simulations show that its solution time grows approximately linearly with the number of users,
rather than exponentially. This means that whether in small local networks or large-scale networks
covering wide areas, the algorithm can complete optimization within an acceptable time, possessing
the ability to cope with dynamic network expansion and contraction.

Although the algorithm relies on perfect, static channel conditions, it operates under periodic
constraints. Before the start of a cycle in the joint optimization framework, when the quality of
a link (such as a satellite link) is monitored, the algorithm selects high-quality channels, thereby
adjusting task offloading decisions and resource allocation schemes to maintain overall performance.
The algorithm’s optimization objective — a weighted sum of delay and energy consumption — serves
as a flexible regulator itself. The network can directly adjust the weights according to the priority of
services in different scenarios. For example, in emergency rescue, low latency is prioritized, while in
routine monitoring, low energy consumption is prioritized, meeting the diverse needs of real-world
applications.

6. Conclusion and future work

This paper investigates the problem of remote IoT task offloading and resource allocation for LEO
satellites under a dual-layer heterogeneous network collaborative architecture, considering their
high mobility and dynamically changing channel environment, with the goal of minimizing the total
computation cost for UDs. To address the complex MINLP problem, the optimization problem is
decomposed into different subproblems, which are solved individually. An AOTORA algorithm
based on the space-air dual-layer network architecture is proposed. Simulation results show that the
proposed scheme outperforms other benchmark schemes in both small-scale and large-scale scenarios.
In terms of the average total computation cost for users, it reduces costs by 12.48%, 25.8%, 11.63%,
and 6.84% compared with OLS, RO, EBA, and DRO, respectively. Despite these achievements,
this work is based on a static resource allocation framework within a single time slot and does not
account for the dynamic randomness of tasks and the ultra-large-scale networks characteristic of
IoT scenarios. Therefore, in our future work, we will study a multi-time-slot dynamic optimization
framework that incorporates task data dependencies and user mobility models to enhance long-term
computation adaptability.
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Uhiste todiilesannete allalaadimine ja ressursijaotus kaug-loT jaoks
kosmos-0hk-maa vorkude arhitektuuris

Zhenhua Li, Guogiang Zheng, Zhe Han, Pingjie Xia, Huahong Ma ja Baofeng Ji

Piirkondades, kus maismaataristu on ebapiisav, on kasutajaseadmetel piiratud arvutusressursid, mistéttu Ghi-
kese viivituse ja energiatbhusa andmetdotiuse tagamine osutub keeruliseks. Selle probleemi lahendamiseks
pakub kaesolev t66 valja kahekihilise heterogeense vorguarhitektuuri, mis kasutab mehitamata 6husoéidu-
kite ja Maa-ldhedase orbiidi (LEO) satelliitide arvutusressursse. Arvestades LEO-satelliitide suurt liikuvust,
kanali muutlikkuse parameetreid ja toollesannete allalaadimise jarjekorra viivitust, formuleeritakse optimeeri-
misulesanne mittelineaarse segatulpi téisarvulise programmeerimise probleemina. Eesmark on minimeerida
viivituse ja energiatarbimise kaalutud summat (st kogu siisteemi kulu). T66s pakutakse valja arvutuslikult lihtne
alternatiivne algoritm. Algne probleem jaotatakse kolmeks alamprobleemiks: ribalaiuse jaotus, protsessori
taktsageduse jaotus ja llesannete ajastamise optimeerimine. Need alamilesanded lahendatakse vastavalt
kumeroptimeerimise, Lagrange'i kordajate meetodi ja vahelduvate suundadega Lagrange'i kordajate meetodi
abil. Lopuks rakendatakse Pareto optimaalset jaotust parima tasakaalu leidmiseks erinevate optimeerimiskritee-
riumide vahel. Arvutustulemused naitavad, et valjatootatud AOTORA siisteemi keskmine kogukulu vaheneb
vastavalt 25,8%, 11,63%, 12,48% ja 6,84 % vorreldes stohhastilise optimeerimise, vordse ribalaiuse jaotuse,
LEO-allalaadimisalgoritmi ja jaotuslikult robustse optimeerimisega.
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Microbiological assessment of
dry oat (Avena sativa L.) seeds
before and after maceration

Lulzim Millaku, Mirvete Kutleshi, Jeton Orllati and Idriz Vehapi

Department of Biology, University of Prishtina, George Bush Street, 10 000 Pristina,
Republic of Kosovo

ABSTRACT

The aim of this study was to differentiate surface-associated microflora and microorganisms
resistant to washing in dry oat (Avena sativa L.) seeds and to evaluate the effect of 24 h mac-
eration in sterile distilled water on microbial release. Commercial seed samples were processed
aseptically in the microbiology laboratory. Two experimental phases were applied: (i) pre-mac-
eration, where seeds were briefly rinsed in sterile distilled water and the suspension was an-
alyzed for surface-associated microorganisms, and (ii) post-maceration, where seeds were
soaked for 24 h, allowing the release of microorganisms resistant to washing and associated
with protected seed-coat niches. Suspensions were filtered through 0.45 ym membranes and
cultured on selective and differential media: nutrient agar for heterotrophs, m-Endo agar for
total coliforms, m-FC agar for fecal coliforms, Salmonella-Shigella agar for enteric pathogens,
and potato dextrose agar (PDA) for yeasts and molds. Results showed that before maceration,
the highest microbial load was fecal coliforms (244 CFU/100 mL), followed by heterotrophs
and total coliforms (39 CFU/100 mL), while no yeasts or molds were detected. After macer-
ation, microbial counts decreased by 41% for fecal coliforms, 90% for Salmonella/Shigella, and
more than 90% for heterotrophs. These findings indicate that dry oat seeds may harbor po-
tentially harmful microorganisms not only on the surface but also tightly associated with pro-
tected structures of the seed coat. The internal presence of microorganisms has important
implications for agriculture, as it may adversely affect seed germination and early plant de-
velopment in the field, thereby reducing growth quality and productivity. Maceration combined
with membrane filtration represents a simple and effective approach to detect these risks,
with direct relevance for seed quality control and food safety.

Introduction

Cereals represent one of the most important groups of agricultural crops,
as they are the main source of energy and food for more than half of the world’s
population. Their consumption is closely related to food security, economic
development, and public health. Among them, oats (4vena sativa L.) have
gained particular importance over the past decades, not only as a staple food
but also for their functional and bioactive values. Oats differ from other
cereals due to their rich chemical composition in soluble fibers, especially
B-glucans, which contribute to lowering cholesterol and regulating blood glu-
cose levels (Whitehead et al. 2014). In addition, they contain proteins of high
biological value, unsaturated lipids, and a wide spectrum of bioactive com-
pounds, including avenanthramides, which show strong antioxidant and anti-
inflammatory activity (Peterson 2001). From an agricultural point of view,
oats are a crop resistant to cold and humid conditions, making them suitable
for regions where wheat or maize provide lower yields. They are widely used
as food for humans and animals, as well as in the pharmaceutical and cosmetic
industries due to their bioactive composition (Butt et al. 2008). From the
perspective of public health, the World Health Organization (WHO 2023a)
and the European Food Safety Authority (EFSA 2011) have emphasized the
importance of regular consumption of oat -glucans for the prevention of
cardiovascular diseases and type 2 diabetes. Consequently, the global demand
for oat-based products has increased significantly, turning oats from a crop
once considered modest into a “superfood”, highly valued in modern markets
(EFSA 2011). The importance of oats is not limited to the nutritional aspect.
They also play an essential role in the economy, public health, and industrial
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innovation. Furthermore, their agricultural sustainability due to lower requirements for chemical
inputs makes them a favorable crop for biodiversity conservation and more ecological production
systems. In this research, oat seeds represent not only carriers of genetic information and productive
potential of plants but also a small microscopic ecosystem rich in microorganisms. These micro-
organisms, including bacteria, fungi, and yeasts, are known as the seed microflora and play an
important role in the plant life cycle and in the final quality of agricultural production. Many of
them perform beneficial functions: some bacteria of the genera Pseudomonas and Bacillus act as
plant probiotic agents by colonizing the seed surface and later the root system, creating a biological
shield against soil pathogens (Nelson 2018). However, seed microflora are not always favorable.
Seeds often carry pathogenic microorganisms that remain latent during storage and become
active after germination, one of the main routes for the spread of diseases in agricultural crops.
Among them, fungi of the genera Fusarium, Alternaria, and Aspergillus are the most problematic,
as they can produce phytotoxic secondary metabolites that negatively affect the initial metabolism
of seeds, impair germination, and reduce seedling vigor. These fungi are known to produce toxins
such as trichothecenes, fumonisins, aflatoxins, and alternariol, which interfere with key metabolic
processes during early seed development (Desjardins 2006; Logrieco et al. 2009; Munkvold 2009).

Such seed-borne infections affect yield, quality, and food safety. Contaminated products from
infected seeds may enter the food chain, causing severe health consequences. For this reason, in-
ternational organizations such as the Food and Agriculture Organization of the United Nations (FAO)
and WHO have set strict limits for the presence of mycotoxins in food products, emphasizing the
importance of control starting from the seed stage (FAO n.d.; WHO 2023b). The process of seed
colonization by microorganisms is among the most fascinating mechanisms in plant ecology, as it
represents the first point of contact between microflora and a biological system that will later
develop into a complete plant. This colonization occurs in two main ways: superficial and
endophytic. In superficial colonization, microorganisms reside on the seed coat or its outer layers
and are able to survive in dry and nutrient-poor conditions due to protective mechanisms against
oxidative stress. Some of them become active immediately after seed soaking, releasing hydrolytic
enzymes or substances that stimulate germination (Shade et al. 2017). Endophytic colonization is
more complex, as microorganisms penetrate the inner tissues of the seed through the micropyle or
microscopic injuries during seed formation. Once inside, they may settle in the endosperm or
embryo, forming a close association with the future root system. This symbiosis is often beneficial:
endophytes may produce hormones such as auxins and cytokinins that stimulate root development
or secondary metabolites that increase resistance to biotic and abiotic stress (Truyens et al. 2015).
However, confirmation of true endophytic colonization requires rigorous surface sterilization
protocols prior to seed grinding, which were not applied in the present study. Infection of seeds by
pathogenic microorganisms is one of the most serious challenges in agriculture, as it affects
the most critical phase of the plant life cycle, the germination process. Infected seeds often show
low germination rates, delayed seedling emergence, and weakness in root and hypocotyl structures.
This reduces field uniformity and makes the plant more sensitive to biotic and abiotic stress
(Gebeyaw 2020). A direct consequence is the loss of seed vitality. Pathogens such as Fusarium spp.
or Alternaria spp. degrade the nutrient reserves of the endosperm and damage the embryo, causing
early seedling death or symptoms such as root rot and necrosis (Munkvold 2009). Some fungi
generate phytotoxic toxins that negatively affect the initial metabolism of the seed. These infections
can significantly reduce yield, since plants developed from infected seeds often have weaker root
systems and limited growth, remaining a continuous source of infection in the field (Dell’Olmo
etal. 2023; Uwineza et al. 2024). From the food safety point of view, infected seeds present a great
risk because the pathogens frequently produce mycotoxins such as aflatoxins, trichothecenes, and
fumonisins — substances with carcinogenic and immunosuppressive effects that pose a serious threat
to public health (Desjardins et al. 2007). Despite the legal limits set by international authorities,
their practical monitoring remains challenging, especially in developing countries. Recent studies
have demonstrated that microbial growth, inhibition, and community stability are strongly in-
fluenced by equilibrium processes governed by environmental conditions and substrate availability.
Such equilibrium-driven interactions determine the balance between microbial persistence and
suppression under different treatment conditions, providing an important conceptual framework for
understanding changes in seed-associated microflora (Tenno et al. 2018).
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The control of seed infections and the assurance of seed quality require the use of modern
methods that enable early detection and effective reduction of microbial load. One of the earliest
and still widely used methods is the maceration of seeds under sterile conditions, followed by
cultivation on nutrient media. This method allows the identification of microorganisms through the
formation of colonies and their morphological characteristics. Although simple and low-cost, the
method is time-consuming and has limitations in distinguishing morphologically similar pathogens
(Agarwal and Sinclair 1997). Another approach is the use of membrane filters, where the seed
extract is filtered and the trapped microorganisms are then cultured on selective media. This method
increases the efficiency of detecting pathogens present in low numbers and is particularly useful
for microorganisms that are not uniformly distributed within the seed (ISTA 2018). The counting
of colony-forming units (CFU) remains the classical quantitative method, which provides a clear
idea of the microbial load of seeds and serves as an indicator of potential risks. However, it does
not distinguish between pathogenic, harmless, or beneficial microorganisms, limiting its use in pre-
cise diagnostics (Nelson 2018). Modern techniques include molecular analyses such as polymerase
chain reaction (PCR) and quantitative PCR (qPCR), which enable specific and rapid detection of
certain pathogens, even at very low levels, providing results within a few hours (Selcuk et al. 2008;
Pecchia et al. 2019). In recent years, high-throughput sequencing approaches, such as Illumina-based
analyses, have been increasingly applied to investigate microbial community structure, growth dy-
namics, and inhibition mechanisms under different environmental and processing conditions, pro-
viding a deeper understanding of microbial interactions beyond culture-based methods (Kallistova
etal. 2021). Based on the literature and the importance of seed microflora for plant health and food
safety, the objective of this research is to analyze the presence and diversity of microorganisms in
oat (Avena sativa) seeds. Our study focuses on identifying the main microbial groups associated
with seed quality and safety, including total heterotrophic bacteria, total coliform bacteria, fecal
coliforms, as well as dangerous pathogenic microorganisms such as Sa/monella and Shigella.
Particular attention has also been given to analyzing the presence of fungi, including yeasts and
molds, which are often associated with reduced seed vitality and the production of mycotoxins.
The final goal of this study is to evaluate the level of microbial load in oat seeds and the potential
impact of these microorganisms on food safety. The results obtained aim to contribute to a deeper
understanding of the role of seed microflora, the identification of possible sources of contamination,
and the creation of a foundation for safer practices of seed storage and utilization in agriculture and
the food industry. This study provides a clear overview of the hygienic-microbiological condition
of Avena sativa seeds, aiming to strengthen preventive measures for consumer protection.

Materials and methods

Selection of plant material

For this study, oat seeds (4vena sativa) were used, obtained from a cereal storage facility importing
grain from abroad. The selected samples were packaged and analyzed at the Microbiology Labo-
ratory of the Department of Biology, Faculty of Mathematical and Natural Sciences, University of
Prishtina, where standard microbiological analyses were performed, including the enumeration of
total coliforms, fecal coliforms, Salmonella/Shigella, heterotrophic bacteria, and fungi, using se-
lective culture media. After sampling, seed samples were stored in their original packaging at room
temperature (20-22 °C), and microbiological analyses were performed within 24-48 h after
sampling.

Preparation of nutrient media

For the isolation and identification of microorganisms, selective media were prepared according to
international standards (ISO 4833-1:2013; Salfinger and Tortorello 2015). All media were prepared
following standard formulations and sterilization procedures when required.

Heterotrophic bacteria: standard peptone—agar medium (pH 7.4 £ 0.2), sterilized in an autoclave
at 121°C for 15 minutes.

Fecal coliforms: a selective medium containing proteose peptone, tryptose, lactose, and bile
salts, with methylene blue as an indicator, prepared according to standard formulations. All com-
ponents were of analytical grade and used at concentrations recommended by the manufacturer.
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Total coliforms: lauryl sulfate agar with basic fuchsin as an indicator.

Salmonella/Shigella: deoxycholate citrate agar, prepared without autoclaving to avoid dena-
turation of selective salts.

Fungi (yeasts and molds): malt extract agar, sterilized in an autoclave at 121 °C for 15 minutes,
which represents a standard and sufficient sterilization procedure for fungal culture media.
After preparation, all media were poured into sterile Petri dishes (€ 6 cm and @ 10 cm) and allowed
to solidify under aseptic conditions.

Preparation of samples and isolation of microorganisms

From each sample, 10 g of dry oat seeds were weighed and transferred into a sterile Erlenmeyer
flask containing 100 mL of sterilized water. After shaking for 2 h using a Startech apparatus,
10 mL of the resulting suspension was taken and serially diluted (1:9) with sterile water to a final
concentration of 103,

Alternative procedure (for microorganisms resistant to washing)

10 g of seeds were ground in a sterile porcelain mortar with 50 mL of sterilized water to obtain a
homogeneous mixture (milk-like emulsion). From this extract, 10 mL was taken and diluted in
the same way to 10-3. No chemical surface sterilization (e.g., ethanol or sodium hypochlorite) was
applied prior to maceration or grinding; therefore, this procedure does not allow discrimination
between true endophytic microorganisms and tightly attached or protected surface-associated
microflora.

Membrane filtration method

For colony enumeration, the membrane filtration (MF) method was applied according to Salfinger
and Tortorello (2015) and EPA (2023).
Advantec filters (0 47 mm; pore size 0.45 pm) were used.

e From each dilution, 10 mL of suspension was filtered using a Sartorius apparatus.

e Filters were then transferred to the appropriate media and incubated under the following
conditions: heterotrophic bacteria, total coliforms, fecal coliforms, Salmonella/Shigella: 37 °C
for 48 h.

e Fungi (yeasts and molds): room temperature for 7 days.

After incubation, the developed colonies were counted on Petri plates, and results were expressed
as colony forming units (CFU/mL or CFU/g). Counts were based on the average number of colonies
from two parallel plates for each dilution.

Calculation of colony numbers
The total number of colonies was calculated according to the following equation:

TCN = (), (1)

where:
e NC = number of counted colonies per plate,
e DF = dilution factor,

e J/=volume of the filtered sample (mL).
Results were reported as CFU per 100 mL of suspension or per 1 g of dry seed.

Microbial contamination index

To evaluate the overall contamination level of the seeds, the microbial contamination index (MCI)
was calculated as the ratio of total heterotrophic colonies to the sum of all other identified microbial
groups:

CFU of heterotrophic bacteria

Salmonella
Shigella

MCI = ( ). ()

CFU of total coliforms + CFU of fecal coliforms + CFU + CFU fungi
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This index provides a comparative indicator of the dominance of non-pathogenic microflora
over potentially pathogenic microorganisms and can be used as an additional parameter to assess
the microbiological quality of oat seeds.

Statistical analysis

All experimental data were analyzed using GraphPad Prism version 10. Microbiological results
were expressed as colony-forming units per gram (CFU/g) and tested for normality prior to statistical
comparisons. Differences in microbial counts between samples analyzed before and after maceration
were evaluated using a paired #-test (n = 3), as the same samples were measured under both
conditions. Percentage and logarithmic (log;,) reductions were calculated to describe the efficiency
of the maceration treatment for each microbial group, including total coliforms, fecal coliforms,
Salmonella/Shigella, heterotrophic bacteria, and fungi.

Results were expressed as mean + standard deviation (SD), and differences were considered
statistically significant at p < 0.05. The MCI was calculated to assess changes in the relative
proportion of non-pathogenic to potentially pathogenic microorganisms before and after maceration.

To explore potential relationships among microbial indicators, Pearson correlation coefficients (r)
were calculated between the bacterial groups: total coliforms (TC), fecal coliforms (FC),
Salmonella/Shigella (SS), heterotrophic bacteria (HB) and fungal counts (F). Correlation strength
was interpreted as weak (r < 0.3), moderate (0.3 <r <0.7), or strong (» > 0.7).

Graphical representations, including bar plots, radar charts, and comparative log-scale plots,
were generated using GraphPad Prism to visualize relative changes in microbial counts, percent-
age reductions, and compliance with international microbiological standards (CXC 75-2015;
ISO 6579-1:2017; ISO 21528-1:2017; EFSA 2022).

Results and discussion

In this study, microbiological analyses of Avena sativa seeds were carried out with two main
objectives: first, to determine the initial microbial load before treatment, and second, to assess the
effect of maceration on its reduction. Several key indicators were selected for this purpose: TC, FC
(Escherichia coli), pathogens of the SS group, HB, and F. These indicators are recognized as the
most commonly used parameters for evaluating the safety and hygiene of cereal grains according
to international standards. Codex Alimentarius (hereafter Codex) and ISO specify that some micro-
organisms, such as Salmonella and E. coli, must be completely absent, while others, such as HB or F,
are acceptable only within defined limits. Data for these indicators before and after maceration are
presented in Table 1.

The results showed that the microbial load of the oat (4vena sativa) seeds before treatment was
relatively high, particularly for FC (244 CFU/g) and SS (29 CFU/g). Both of these groups are
considered critical indicators of food safety. According to international standards (Codex/ISO),
E. coli should be completely absent in 1 g of a sample, while Salmonella must be absent in 25 g.
This indicates that the analyzed samples may have undergone fecal contamination or exposure to
pathogens during cultivation or storage.

After maceration treatment, a noticeable decrease in microbial load was observed, especially
for TC, approximately 94.9% reduction, and HB, approximately 92.3% reduction. However, for
FC and SS, although a decrease occurred, their levels remained above acceptable limits: FC de-
creased to 144 CFU/g, but the standard requires complete absence, while SS decreased to 6 CFU/g,
although the standard requires complete absence in 25 g. This finding suggests that maceration
alone is not sufficient to eliminate these pathogens, and additional decontamination methods are
necessary.

A positive finding was the absence of fungi, both before and after maceration. This is important
because cereals are often susceptible to fungal contamination and the potential production of
mycotoxins. The absence of fungi suggests that the samples were stored under relatively good
conditions, with limited humidity and minimal exposure time. Overall, the data clearly indicate that
maceration effectively reduced the general bacterial load (TC and HB), but it was not adequate for
the complete removal of critical pathogens such as FC and SS. Therefore, additional technological
measures are required to meet microbiological safety standards. Alternative decontamination
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Table 1. Microbiological profile of oat (Avena sativa) seeds before and after maceration

Code

Before
(CFU/g)

After
(CFU/g)

Absolute
reduction

Relative reduction (%)

Ratio
before/after

logio reduction
(logio before/after)

Standard

Risk level

TC

39

2

37

94.87

19.50

1.29

<10? CFU/g
(according to ISO
4833-1:2013)

Low

FC

244

144

100

40.98

1.69

0.23

0/1 g (according to
ISO 21528-1:2017,
Codex)

Elevated

SS

29

23

79.31

4.83

0.68

0/25 g (according to
ISO 6579-1:2017,
Codex)

Very high

HB

39

36

92.31

13.00

<10*-10° CFU/g
(according to ISO
4833-1:2013)

Non-
pathogenic

0.00

1.00

<10%-10° CFU/g
(according to EFSA
2022)

None

TC — total coliforms, FC — fecal coliforms (Escherichia coli), SS — Salmonella/Shigella, HB — heterotrophic bacteria, F — fungi. Standards:
ISO 21528-1:2017 (Enterobacteriaceae/E. coli), ISO 6579-1:2017 (Salmonella spp.), CXC 75-2015 (Codex Alimentarius), EFSA (2022).
The values for TC, HB, and F are based on indicative hygienic limits for cereals and plant-based products. Differences between before and
after maceration were statistically significant (paired ¢-test, p < 0.05-0.01). Statistical significance is indicated in Figs 1 and 2. Risk categories
are used as descriptive indicators based on relative microbial load and presence of safety-relevant microorganisms and do not represent
absolute or regulatory risk classifications.

approaches, such as UV irradiation, ozonation, or mild oxidative washing, have been proposed for
dry cereals and could be evaluated in future studies as complementary steps to maceration for
improved pathogen control. To visualize the changes before and after treatment, a two-panel figure
was used: microbial counts (Fig. 1a) and the MCI (Fig. 1b).

Figure 1 illustrates the effect of maceration on the microbial profile of Avena sativa seeds. Figure 1a
presents the absolute counts (CFU/g) for each indicator: TC, FC (E. coli), SS, HB, and F,
while Fig. 1b summarizes the same data as the MCI, as described in the Materials and methods
section. The corresponding numerical data are provided in Table 1. In Fig. 1a, a clear decrease is
observed in TC and HB after maceration. This pattern is typical of a treatment that acts primarily
on the surface: weakly attached microorganisms are removed through washing and agitation,

(a) (b)
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Fig. 1. Microbiological counts (CFU/g) of Avena sativa seeds before and after maceration (a) and the corresponding values of the
microbial contamination index (MCI) before and after treatment (b). Values are expressed as mean + SD (n = 3). Statistical significance
between before and after maceration was assessed using a paired t-test (*p < 0.05, **p < 0.01). Pearson correlation analysis was applied
in an exploratory manner to examine linear relationships between selected microbial indicators. The resulting correlation coefficients (r)
did not materially affect the interpretation of the overall microbial profile, which is primarily driven by before/after comparisons, logqg
reductions, and presence/absence criteria. Therefore, Pearson correlation is not emphasized as a central analytical outcome in this study.
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resulting in a reduction of approximately 1 log,,. This indicates a marked improvement in hygienic
background, where environmental and saprophytic microflora are largely reduced without achieving
sterilization.

For FC and SS, a more resistant behavior is observed. Although these indicators also decreased
after treatment, they remained detectable. This suggests their localization within micro-niches on
the seed coat, stronger surface adhesion, or the presence of biofilm-like structures that make them
less sensitive to a single washing step. It should be emphasized that the persistence of micro-
organisms after maceration reflects resistance to washing and possible association with protected
seed-coat micro-niches or biofilm-like structures, rather than confirmed endophytic colonization,
as no chemical surface sterilization was applied prior to maceration or grinding. Since Codex and
ISO regulatory criteria require complete absence of E. coli in 1 g and Salmonella in 25 g of a sample,
their persistence after maceration indicates that maceration alone is insufficient to meet food safety
standards. The fungal indicator F remained unchanged: no growth was detected either before or
after maceration. This aligns with storage under dry and controlled humidity conditions. It should
be emphasized that only colony counts were reported; mycotoxins were not analyzed, so no
conclusions can be drawn regarding their potential risks.

Figure 1b (MCI) summarizes the overall picture. The index drops sharply after maceration,
reflecting a general reduction in microbial load dominated by TC and HB. However, a lower MCI
represents hygienic improvement, not necessarily regulatory compliance for enteric pathogens such
as FC and SS. When considered together with Fig. 1a, both panels show a clear contrast: the general
microbial background decreases significantly, while critical safety components remain present.
Overall, Fig. 1 demonstrates that maceration functions as a preliminary step for reducing total
bacterial load. To achieve the “zero tolerance” requirements for E. coli and Salmonella, an additional
bactericidal or bacteriostatic step (e.g., mild heat treatment, controlled acidification, or low-dose
oxidative washing) would be necessary, evaluated using the same microbiological indicators as in
this study. This two-step approach background reduction through maceration followed by pathogen
inactivation aligns with best practices in cereal processing and food safety standards. MCI was se-
lected to provide a single, integrative measure of treatment effect across all the indicators (TC, FC,
SS, HB, F). Equation (1) normalizes each indicator before calculation to prevent groups with higher
absolute counts (e.g., TC or HB) from dominating the result. This makes before/after and between-
batch comparisons more consistent and interpretable. In our data, MCI decreased markedly after
maceration (Fig. 1b), consistent with reductions in TC and HB shown in Fig. 1a; however, the index
did not reach zero because FC and SS remained detectable. Thus, MCI reflects hygienic im-
provement but not full compliance with “zero” standards for E. coli and Salmonella. Practically,
this indicates that maceration can serve as a first step, while MCI helps compare and optimize
subsequent decontamination processes (e.g., time/temperature, seed-to-water ratio, or alternative
treatments) in future experiments.

Through Fig. 2, these dynamics are further visualized, showing both the before/after counts
(bars) and the relative reduction (%) for each indicator, based on the same data as Table 1. This com-
bined representation facilitates interpretation of treatment effects even when initial microbial loads
differ across groups. The trend is consistent with Fig. 1: TC and HB exhibit the strongest reductions
(~95% and ~92%), typical of surface-associated or loosely bound microflora, which are removed
efficiently by washing and agitation. SS also shows a notable reduction (~79%), while FC (E. coli)
shows a smaller decrease (~41%), indicating higher resistance to a single water-based treatment.
For F, the reduction line reaches 0% because no colonies were detected either before or after
treatment, thus reflecting absence, not lack of effect. The percentage line highlights a practical
insight: relative reduction in TC and HB is high even when absolute counts differ between indicators.
Conversely, the FC profile clearly shows the limitation of maceration as a standalone process — it
lowers microbial load but does not render samples “undetectable.” This distinction is crucial for
safety interpretation: improvement in background hygiene (TC/HB) does not automatically equate
to compliance with E. coli/Salmonella safety standards. In this context, Fig. 2 reveals the
heterogeneous response among microbial groups: the background indicators (TC, HB) are efficiently
reduced by maceration, whereas the critical safety indicators (FC, SS) persist and require an
additional step (e.g., extended maceration time, mild heat treatment, acidification, or low-dose
oxidative rinse). Together, Figs 1 and 2 provide a practical framework for process optimization,
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Fig. 2. Microbiological counts (CFU/g) of Avena sativa seeds before and after maceration. Values are expressed as mean * SD (n = 3).
Statistical significance between before and after maceration was assessed using a paired t-test (*p < 0.05, **p < 0.01).

showing that maceration serves as a preparatory step to reduce general microbial load, while the
second phase should directly target FC and SS to achieve full “zero” compliance.

In Fig. 3, it is evident that for HB and F, our values are consistent with or below the global
standards, whereas for FC and SS, there remains a significant discrepancy compared to food safety
requirements. This clear contrast indicates that improvements can only be achieved through the
application of additional treatment methods and by enhancing storage and transport conditions.

In this study, the microbiological results were expressed as CFU per 100 mL of Avena sativa
seed suspension, reflecting a methodological approach based on maceration. This form of expression
is important for transparency, as unlike the direct analysis of 1 g of dry material, the microbial load
here was evaluated in the liquid extract obtained during treatment.

Regarding the applied standards for FC and SS, the mandatory criteria defined by Codex and
ISO were applied, which require complete absence in 25 g of a sample, making the “zero tolerance”
standard non-negotiable for cereal products. For HB, it should be noted that there is no universal

binding international limit; therefore, a reference threshold of <10° CFU/g was adopted based on
scientific literature describing average microbial loads in stored cereals, thus providing a reasonable
framework for data interpretation.

The absence of fungi, although not regulated by a specific CFU standard, represents a positive
indicator of proper seed storage conditions, minimizing the risk of mycotoxin production.

Overall, this comparison highlights that despite the substantial reductions achieved after
maceration, most microbial indicators remain above the permissible limits for cereals. This implies
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Fig. 3. Comparison of microbiological indicators before and after maceration in relation to international standards.
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that the maceration process alone is insufficient to ensure food safety compliance according to
international standards.

In this study, a marked reduction was observed in TC (39 — 2 CFU/g, =1.29 log,,) and
HB (39 — 3 CFU/g, =1.11 logio) after maceration. It should be noted that the relatively high
microbial counts observed before maceration reflect the actual microbiological status of the analyzed
market samples and indicate that the starting material may have been grossly contaminated.
This profile agrees with the findings of Liu et al. (2022) and Acuff et al. (2023) for low-moisture
foods, where water-based or wetting treatments mainly remove loosely attached surface microflora
and typically yield approximately one log-unit reduction, without a complete bactericidal effect.

Comparable treatment-dependent patterns of microbial inhibition and selective survival have
been reported in recent studies, indicating that processing steps may act as selective pressures shap-
ing microbial communities rather than exerting a uniform inactivation effect. Nikitina et al. (2023)
demonstrated that different microbial groups exhibit variable resistance and adaptive responses
depending on environmental stressors and substrate interactions, which is consistent with the
selective reductions observed in the present study following maceration.

Similar background reductions in microbial load have also been reported in other dry cereals.
Rose et al. (2012) described that physical cleaning steps before milling in the wheat chain result in
approximately a one-log reduction of the bacterial load, which is consistent with the magnitude
observed here for TC and HB. Likewise, the review by Podolak et al. (2010) emphasized that, in
low-moisture matrices, physical interventions lead to limited reductions on the order of 1 log CFU/g,
consistent with our observations for non-pathogenic indicators. For Avena sativa, Anthero et al.
(2019) modeled maceration as a two-phase process: a rapid capillary uptake in the outer layers
followed by a slower diffusion phase toward the core. The data fit well with Peleg’s model and
Fick’s second law, supporting the expectation that surface microflora (TC and HB) would be greatly
reduced while the process would not act as a full-scale inactivation treatment. In simple terms,
maceration “washes” the outer layer but does not eliminate microorganisms that are resistant to
washing or associated with protected seed-coat niches.

In our data, E. coli decreased from 244 to 144 CFU/g (=0.23 logio) and Salmonella/ Shigella
from 29 to 6 CFU/g (=0.68 logio); both remained detectable. This same pattern is widely described
for dry matrices: Liu et al. (2022) and Acuff et al. (2023) note that enteric pathogens in low-moisture
foods (LMF) (e.g., Salmonella spp., E. coli) can persist for long periods and are not eliminated by
mild water-based interventions. In wheat flour, Forghani et al. (2019) demonstrated long-term
survival of Salmonella enterica and enterohemorrhagic E. coli (EHEC), with thermal-death curves
indicating enhanced resistance under dry conditions. Hence, the persistence observed in our samples
is typical for cereals and other LMF.

International standards require the complete absence of these pathogens: ISO 6579-1:2017
mandates absence of Salmonella spp. in 25 g, ISO 21528-1:2017 describes detection of Entero-
bacteriaceae (with E. coli as fecal indicator) in enriched test portions, and CXC 75-2015 for LMF
clearly frames pathogen criteria as “presence/absence” in the final product. Within this framework,
the post-maceration presence of E. coli and/or Salmonella/Shigella fails to meet the “absence”
requirement, consistent with previous LMF reviews. Beyond Avena sativa, studies on wheat flour
confirm similar persistence of Salmonella spp. and E. coli after mild processing steps, for example,
the studies by Forghani et al. (2019) on survival and thermal inactivation in flour and by Podolak
et al. (2010) on sources and risk factors in LMF. These works reinforce the idea that approximately
1 log reductions in overall counts do not equate to pathogen absence. In practical terms, reviews of
the wheat-processing chain (Rose et al. 2012) note that pre-milling physical cleaning produces
visible microbial reductions but not guaranteed eliminations. In the present study, fungi were not
detected in either stage (before or after maceration), indicating storage under adequately dry and
non-favorable conditions. Nevertheless, EFSA (2011, 2017) reports frequent detection of T-2/HT-2
toxins (trichothecene mycotoxins) and deoxynivalenol (DON) in European oat surveys; thus, the
absence of fungal colonies in culture does not automatically imply absence of mycotoxins along
the production chain. The most recent EFSA (2022) update continues to discuss exposure to
T-2/HT-2 in cereals, maintaining oats among matrices of ongoing concern. Most cereal-related
literature reports data as CFU/g (dry matter) or as presence/absence according to ISO standards.
Similarly, the interpretation in this study focuses on the before/after trend showing strong decreases
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in total coliforms and heterotrophic bacteria but residual presence of E. coli and Salmonella/Shigella.
This approach is consistent with LMF reviews, which emphasize evaluating trends and pres-
ence/absence for pathogens rather than direct numerical equivalence among analytical protocols.
In our data, MCI decreased sharply after maceration because total coliforms and heterotrophic
bacteria were substantially reduced; however, the index did not reach its minimum value because
E. coli and Salmonella/Shigella remained detectable. This reflects the overall condition: a clear
improvement in the microbial profile but not complete compliance with key safety indicators — an
interpretation fully aligned with the ISO 6579-1, ISO 21528-1, and CXC 75-2015 frameworks.
While culture-based CFU analysis provides a robust initial hygiene and safety assessment, it does
not capture the full complexity of seed-associated microbiota. Therefore, the present results should
be interpreted within the limits of culture-dependent methods. Higher-resolution approaches, such
as high-throughput sequencing (e.g., [llumina-based analyses), could complement future studies by
providing deeper insight into microbial community structure, selective survival, and community
dynamics under maceration and related treatments.

Conclusion

In our study, we aimed to emphasize the importance of safety during the storage and preservation
of cereal seeds. As a case study, we took oat (4vena sativa) seeds. Through a simple “before/after”
maceration protocol, we assessed the microbiological status of the packaged oat seeds on the market.
The analysis before maceration showed a broad bacterial presence. Maceration was used to evaluate
whether contamination was limited to surface-associated microflora or involved microorganisms
resistant to washing and associated with protected seed structures. As a physical process, maceration
washed the outer layers and substantially reduced the overall bacterial load but did not eliminate
the enteric risk. Numerically, maceration reduced total coliforms from 39 to 2 CFU/g (=95%,
1.29 logio reduction) and heterotrophic bacteria from 39 to 3 CFU/g (=92%, 1.11 log,, reduction),
while fecal coliforms decreased from 244 to 144 CFU/g (=41%) and Salmonella/Shigella from
29 to 6 CFU/g (=79%), remaining detectable. Fecal markers and enteric pathogens remained de-
tectable, which indicates that a single wetting displaces the “free” microorganisms from the surface,
whereas the micro-niches of the seed coat and stronger adhesions remain unaffected. These re-
maining microorganisms should not be interpreted as confirmed endophytic microflora, as no
chemical surface sterilization was applied prior to maceration or grinding. The use of seeds with
this profile, without further evaluation, carries a real risk of transferring contamination to the sowing
environment or to the stages of food processing. The absence of fungal growth in both phases is
consistent with dry storage but does not allow a judgment on mycotoxins (they were not measured).
The microbial contamination index (MCI) reflected this analysis; it decreased with the reduction
of background indicators, but remained sensitive to the presence of safety indicators and does not
replace presence/absence criteria. Since our study is based on the maceration protocol, comparisons
with the literature should be read as profiles and trends, not as a numerical equivalence across
different matrices. Essentially, maceration improves seed cleanliness by reducing surface-associated
microflora but does not guarantee microbiological safety or confirm endophytic colonization.
This paper reflects the real status of the samples on the market and sets the basis for further
assessments of compliance with the standard criteria of pathogen presence/absence.

Data availability statement

The data sets used and/or analyzed during the current study are available from the corresponding
author at reasonable request.

Acknowledgments

The authors thank the Institute of Microbiology at the University Clinical Center of Kosovo for
their valuable support during the microbiological analyses. The publication costs of this article were
partially covered by the Estonian Academy of Sciences.



References

Acuff, J. C., Dickson, J. S., Farber, J. M., Grasso-Kelley, E. M.,
Hedberg, C., Lee, A. et al. 2023. Practice and progress: updates
on outbreaks, advances in research, and processing technologies
for low-moisture food safety. Journal of Food Protection, 86(1),
100018. https://doi.org/10.1016/j.j{p.2022.11.010

Agarwal, V. K. and Sinclair, J. B. 1997. Principles of Seed Pathology.
2nd ed. CRC Press, Boca Raton. https://doi.org/10.1201/978148
2275650

Anthero, A. G. S, Lima, J. M., Cleto, P. B., Jorge, L. M. M. and
Jorge, R. M. M. 2019. Modeling of maceration step of the oat
(Avena sativa) malting process. Journal of Food Process Engi-
neering, 42(7), e13266. https://doi.org/10.1111/jfpe.13266

Butt, M. S., Tahir-Nadeem, M., Khan, M. K. I., Shabir, R. and
Butt, M. S. 2008. Oat: unique among the cereals. European
Journal of Nutrition, 47(2), 68—79. https://doi.org/10.1007/s003
94-008-0698-7

CXC 75-2015. Code of hygienic practice for low-moisture foods.
Codex Alimentarius.

Dell’Olmo, E., Tiberini, A. and Sigillo, L. 2023. Leguminous seed-
borne pathogens: seed health and sustainable crop management.
Plants, 12(10), 2040. https://doi.org/10.3390/plants12102040

Desjardins, A. E. 2006. Fusarium Mycotoxins: Chemistry, Genetics,
and Biology. APS Press.

Desjardins, A. E. and Proctor, R. H. 2007. Molecular biology of
Fusarium mycotoxins. International Journal of Food Micro-
biology, 119(1-2), 47-50. https://doi.org/10.1016/j.ijfoodmicro.20
07.07.024

EFSA (European Food Safety Authority). 2011. Scientific opinion
on the risks for animal and public health related to the presence
of T-2 and HT-2 toxin in food and feed. EFSA4 Journal, 9(12),
2481. https://doi.org/10.2903/j.efsa.2011.2481

EFSA. 2017. Risks to human and animal health related to the pre-
sence of deoxynivalenol and its acetylated and modified forms in
food and feed. EFSA Journal, 15(9), e04718. https://doi.org/10.2
903/j.efsa.2017.4718

EFSA. 2022. Assessment of information as regards the toxicity of
T-2 and HT-2 toxin for ruminants. EF'SA4 Journal, 20(9), e07564.
https://doi.org/10.2903/j.efsa.2022.7564

EPA (United States Environmental Protection Agency). 2023.
Method 1103.2: Escherichia coli (E. coli) in water by membrane
filtration using membrane-thermotolerant Escherichia coli agar
(mTEC). https://www.epa.gov/system/files/documents/2024-06/
method-1103.2-10022023 508.pdf

FAO (Food and Agriculture Organization of the United Nations).
Food safety and quality: mycotoxins. https://www.fao.org/food/food-
safety-quality/a-z-index/mycotoxins/en/?utm_source=chatgpt.com
(accessed 2025-10-18).

Forghani, F., den Bakker, M., Liao, J.-Y., Payton, A. S., Futral, A. N.
and Diez-Gonzalez, F. 2019. Sa/monella and enterohemorrhagic
Escherichia coli serogroups 045, 0121, O145 in wheat flour:
effects of long-term storage and thermal treatments. Frontiers in
Microbiology, 10, 323. https://doi.org/10.3389/fmicb.2019.00323

Gebeyaw, M. 2020. Review on: Impact of seed-borne pathogens on
seed quality. American Journal of Plant Biology , 5(4), 77-81.
https://doi.org/10.11648/j.ajpb.20200504.11

ISO 4833-1:2013. Microbiology of the food chain — Horizontal
method for the enumeration of microorganisms — Part 1: Colony
count at 30 °C by the pour plate technique.

ISO 6579-1:2017. Microbiology of the food chain — Horizontal
method for the detection, enumeration and serotyping of
Salmonella — Part 1: Detection of Salmonella spp.

ISO 21528-1:2017. Microbiology of the food chain — Horizontal
method for the detection and enumeration of Enterobacteriaceae
— Part 1: Detection of Enterobacteriaceae.

ISTA (International Seed Testing Association). 2018. International
rules for seed testing. https://www.seedtest.org/en/publications/
international-rules-seed-testing.html

Oat seed microbiology after maceration 85

Kallistova, A., Nikolaev, Y., Grachev, V., Beletsky, A., Gruzdev, E.,
Kadnikov, V. et al. 2021. New insight into the interspecies shift
of anammox bacteria Ca. “Brocadia” and Ca. “Jettenia” in re-
actors fed with formate and folate. Frontiers in Microbiology,
2022, 12, 802201. https://doi.org/10.3389/fmicb.2021.802201

Liu, S., Roopesh, M. S., Tang, J., Wu, Q. and Qin, W. 2022. Recent
development in low-moisture foods: microbial safety and thermal
process. Food Research International, 155, 111072. https://doi.org/
10.1016/j.foodres.2022.111072

Logrieco, A., Moretti, A. and Solfrizzo, M. 2009. Alternaria toxins
and plant diseases: an overview of origin, occurrence and risks.
World Mycotoxin Journal, 2(2), 129—140. https://doi.org/10.3920/
WMIJ2009.1145

Munkvold, G. P. 2009. Seed pathology progress in academia and
industry. Annual Review of Phytopathology, 47, 285-311. https://
doi.org/10.1146/annurev-phyto-080508-081916

Nelson, E. B. 2018. The seed microbiome: origins, interactions,
and impacts. Plant and Soil, 422(1), 7-34. https://doi.org/10.1007/
s11104-017-3289-7

Nikitina, A. A., Kallistova, A. Y., Grouzdev, D. S., Kolganova, T. V.,
Kovalev, A. A., Kovalev, D. A. et al. 2022. Syntrophic butyrate-
oxidizing consortium mitigates acetate inhibition through a shift
from acetoclastic to hydrogenotrophic methanogenesis and alle-
viates VFA stress in thermophilic anaerobic digestion. Applied
Sciences, 13(1), 173. https://doi.org/10.3390/app13010173

Pecchia, S., Caggiano, B., Da Lio, D., Cafa, G., Le Floch, G.
and Baroncelli, R. 2019. Molecular detection of the seed-borne
pathogen Colletotrichum lupini targeting the hyper-variable IGS
region of the ribosomal cluster. Plants, 8(7), 222. https://doi.org/
10.3390/plants8070222

Peterson, D. M. 2001. Oat antioxidants. Journal of Cereal Science,
33(2), 115-129. https://doi.org/10.1006/jcrs.2000.0349

Podolak, R., Enache, E., Stone, W., Black, D. G. and Elliott, P. H.
2010. Sources and risk factors for contamination, survival, per-
sistence, and heat resistance of Sa/monella in low-moisture foods.
Journal of Food Protection, 73(10), 1919-1936. https://doi.org/
10.4315/0362-028X-73.10.1919

Rose, D. J., Bianchini, A., Martinez, B. and Flores, R. A. 2012.
Methods for reducing microbial contamination of wheat flour and
effects on functionality. Cereal Foods World, 57(3), 104—109.

Salfinger, Y. and Tortorello, M. L. (eds) 2015. Compendium of
Methods for the Microbiological Examination of Foods. 5th ed.
APHA Press, Washington DC. https://doi.org/10.2105/MBEF.0222

Selcuk, M., Oksuz, L. and Basaran, P. 2008. Decontamination of grains
and legumes infected with Aspergillus spp. and Penicillium spp.
by cold plasma treatment. Bioresource Technology, 99(11), 5104—
5109. https://doi.org/10.1016/j.biortech.2007.09.076

Shade, A., Jacques, M.-A. and Barret, M. 2017. Ecological patterns
of seed microbiome diversity, transmission, and assembly. Current
Opinion in Microbiology, 37, 15-22. https://doi.org/10.1016/j.
mib.2017.03.010

Tenno, T., Rikmann, E., Zekker, 1. and Tenno, T. 2018. Modelling
the solubility of sparingly soluble compounds depending on their
particles size. Proceedings of the Estonian Academy of Sciences,
67(3), 300-302. https://doi.org/10.3176/proc.2018.3.10

Truyens, S., Weyens, N., Cuypers, A. and Vangronsveld, J. 2015.
Bacterial seed endophytes: genera, vertical transmission and inter-
action with plants. Environmental Microbiology Reports, 7(1),
40-50. https://doi.org/10.1111/1758-2229.12181

Uwineza, P. A., Urbaniak, M., Stepien, L., Gramza-Michatowska, A.
and Waskiewicz, A. 2024. Efficacy of Lamium album as a natural
fungicide: impact on seed germination, ergosterol, and myco-
toxins in Fusarium culmorum-infected wheat seedlings. Frontiers
in Microbiology, 15, 1363204. https://doi.org/10.3389/fmicb.2024.
1363204

Whitehead, A., Beck, E. J., Tosh, S. and Wolever, T. M. S. 2014.
Cholesterol-lowering effects of oat f-glucan: a meta-analysis of
randomized controlled trials. The American Journal of Clinical
Nutrition, 100(6), 1413—1421. https://doi.org/10.3945/ajcn. 114.
086108


https://doi.org/10.1016/j.jfp.2022.11.010
https://doi.org/10.1201/9781482275650
https://doi.org/10.1201/9781482275650
https://doi.org/10.1201/9781482275650
https://doi.org/10.1111/jfpe.13266
https://doi.org/10.1007/s00394-008-0698-7
https://doi.org/10.1007/s00394-008-0698-7
https://doi.org/10.1007/s00394-008-0698-7
https://doi.org/10.3390/plants12102040
https://doi.org/10.1016/j.ijfoodmicro.2007.07.024
https://doi.org/10.1016/j.ijfoodmicro.2007.07.024
https://doi.org/10.1016/j.ijfoodmicro.2007.07.024
https://doi.org/10.2903/j.efsa.2011.2481
https://doi.org/10.2903/j.efsa.2017.4718
https://doi.org/10.2903/j.efsa.2017.4718
https://doi.org/10.2903/j.efsa.2017.4718
https://doi.org/10.2903/j.efsa.2022.7564
https://www.epa.gov/system/files/documents/2024-06/method-1103.2-10022023_508.pdf?utm_source=chatgpt.com
https://www.epa.gov/system/files/documents/2024-06/method-1103.2-10022023_508.pdf?utm_source=chatgpt.com
https://www.epa.gov/system/files/documents/2024-06/method-1103.2-10022023_508.pdf?utm_source=chatgpt.com
https://www.fao.org/food/food-safety-quality/a-z-index/mycotoxins/en/?utm_source=chatgpt.com
https://www.fao.org/food/food-safety-quality/a-z-index/mycotoxins/en/?utm_source=chatgpt.com
https://doi.org/10.3389/fmicb.2019.00323
https://doi.org/10.11648/j.ajpb.20200504.11
https://www.seedtest.org/en/publications/international-rules-seed-testing.html?utm_source=chatgpt.com
https://www.seedtest.org/en/publications/international-rules-seed-testing.html?utm_source=chatgpt.com
https://www.seedtest.org/en/publications/international-rules-seed-testing.html?utm_source=chatgpt.com
https://doi.org/10.3389/fmicb.2021.802201
https://doi.org/10.1016/j.foodres.2022.111072
https://doi.org/10.1016/j.foodres.2022.111072
https://doi.org/10.1016/j.foodres.2022.111072
https://doi.org/10.3920/WMJ2009.1145
https://doi.org/10.3920/WMJ2009.1145
https://doi.org/10.3920/WMJ2009.1145
https://doi.org/10.1146/annurev-phyto-080508-081916
https://doi.org/10.1146/annurev-phyto-080508-081916
https://doi.org/10.1146/annurev-phyto-080508-081916
https://doi.org/10.1007/s11104-017-3289-7
https://doi.org/10.1007/s11104-017-3289-7
https://doi.org/10.1007/s11104-017-3289-7
https://doi.org/10.3390/app13010173
https://doi.org/10.3390/plants8070222
https://doi.org/10.3390/plants8070222
https://doi.org/10.3390/plants8070222
https://doi.org/10.1006/jcrs.2000.0349
https://doi.org/10.4315/0362-028X-73.10.1919
https://doi.org/10.4315/0362-028X-73.10.1919
https://doi.org/10.4315/0362-028X-73.10.1919
https://doi.org/10.2105/MBEF.0222
https://doi.org/10.1016/j.biortech.2007.09.076
https://doi.org/10.1016/j.mib.2017.03.010
https://doi.org/10.1016/j.mib.2017.03.010
https://doi.org/10.1016/j.mib.2017.03.010
https://doi.org/10.3176/proc.2018.3.10
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.3389/fmicb.2024.1363204
https://doi.org/10.3389/fmicb.2024.1363204
https://doi.org/10.3389/fmicb.2024.1363204
https://doi.org/10.3945/ajcn.114.086108
https://doi.org/10.3945/ajcn.114.086108
https://doi.org/10.3945/ajcn.114.086108

86 L. Millaku et al.

WHO (World Health Organization). 2023a. Carbohydrate intake for WHO. Mycotoxins. 2023b. https://www.who.int/news-room/fact-
adults and children: WHO guideline. https://www.who.int/pub sheets/detail/mycotoxins (accessed 2025-10-18).
lications/i/item/9789240073593 (accessed 2023-07-17).

Kaeraseemnete mikrobioloogiline ohutus ja leotamisprotokolli mdju

Lulzim Millaku, Mirvete Kutleshi, Jeton Orllati ja Idriz Vehapi

Uuringus hinnati turul mitdavate kaeraseemnete (Avena sativa L.) mikrobioloogilist seisundit, et rdhutada
nende ohutu kaitlemise tahtsust. Kasutati enne ja parast leotamist tehtud katsetel pdhinevat tooteohutuse hin-
damise protokolli, et eristada viljaseemnete pinnasaastet sisemisest saastest.

Tulemused naitasid, et teraviljaseemnete leotamine véahendas margatavalt seemnete (ldist bakteriaalset
saastet, kuid ei taganud taielikku tooteohutust.

Uldindikaatorid: kolilaadsete bakterite arv vihenes leotamisel u 95% ja heterotroofsete bakterite arv u 92%.
Ohutusriskid: patogeenid ja fekaalsed saasteindikaatorid jéid seemnetes endiselt tuvastatavaks - fekaalsete
kolilaadsete bakterite arv véhenes 41% ja Salmonella/Shigella suhteline arvukus 79%.

Uuring tbestab, et teraviljaseemnete Gihekordne leotamine eemaldab neilt vaid pinnal asetsevad mikroobid,
kuid seemnekesta kihid kaitsevad enteraalseid patogeene teraviljas endiselt. Kuna keemilist pinnasteriliseerimist
uuringus ei kasutatud, ei saa teraviljale jadnud mikroorganisme pidada kinnitunud endoflilitideks ega teha sel-
lekohaseid jareldusi mikrobioloogilise saaste kohta.

Seemnete leotamine parandab nende mikrobioloogilist puhtust, kuid ei taga mikrobioloogilise saaste suhtes
taielikku ohutust. Sellise saasteprofiiliga seemnete kasutamine on riskantne nii kiilvikeskkonnale kui ka toidu-
ainetéostusele. Uuring naitab jaemdiligis olevate teraviljade tegelikku seisundit ja on aluseks edasistele vasta-
vushindamistele.
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ABSTRACT

The recent changes in the European Union Wastewater Directive require micropollutant
elimination from the effluents of wastewater treatment plants serving at least 150 000 popu-
lation equivalents, and in some cases even starting from 10 000. While ozonation can degrade
micropollutants without secondary wastes, the treated effluent composition must be con-
sidered, specifically the concentration of bromide (Br). Depending on its amount and oxidant
dose, bromide can potentially be oxidised to carcinogenic bromate (BrO;). This research
investigates bromide amounts in the effluents of Estonian wastewater treatment plants serving
at least 10 000 population equivalents as preliminary work for quaternary wastewater treat-
ment aimed at micropollutant removal.

Introduction

Quaternary treatment for micropollutant removal: legislation

The latest amendments to the EU Wastewater Directive (European Union 2024),

which are currently being adopted by legislations, demand that all the wastewater treat-

ment plants (WWTPs) that serve at least 150 000 population equivalents (p.e.) are to

adopt quaternary treatment for the elimination of micropollutants. In the EU, there

are currently 24 971 operating WWTPs, among which 933 serve at least 150 000 p.e.

(Water News Europe 2024). Additionally, WWTPs serving 10 000 p.c. and above

may also have to introduce quaternary treatment if their discharge area is considered

sensitive to micropollutants, e.g. locations where the dilution rate of the WWTP

discharge is low, the discharge goes to water bodies used as drinking water sources,

for the growth and production of shellfish, or for bathing purposes. Quaternary treat-

ment is to be fully operational from 2045, with intermediate results expected by 2033.
According to the amendments to the Wastewater Directive, WWTPs must monitor

and remove at least 80% of the following micropollutants:

® first category (relatively easily removable compounds): amisulpride, carbamaz-
epine, citalopram, clarithromycin, diclofenac, hydrochlorothiazide, metoprolol,
and venlafaxine;

® second category (relatively easy to handle compounds): benstriasol, candesartan,
irbesartan, and a mixture of 4-methylbensotriasol and 6-bensotriasol.

Micropollutant removal methods

In the literature, numerous technologies, notably Advanced Oxidation Processes
(AOPs), are proposed for the elimination of micropollutants, including ozonation
(assisted or catalysed), Fenton and Fenton-like systems, adsorption, photocatalytic
oxidation, plasma-based treatment methods, and more. While they can degrade
literally any kind of pollutants until total mineralisation, that is too costly; combining
moderate AOP treatment with biological treatment was shown to efficiently eliminate
even the most recalcitrant pollution in a far more sustainable way (Klauson et al. 2015;
Klein et al. 2017; Trapido et al. 2017). However, not all of these AOPs are readily
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scalable and applicable. Real-life practical applications use
technologies that are already operational and have shown
multiple proofs of efficiency, narrowing the choice mainly to
ozonation and activated carbon adsorption.

Ozonation, both through molecular ozone and radicals,
can degrade micropollutants up to complete mineralisation.
Due to the relatively high cost of ozone production, partial
degradation of the micropollutants into non-toxic and bio-
degradable by-products is more cost-efficient than outright
mineralisation. The ozone dosage choice for the real-life micro-
pollutant removal is more complicated, as the biggest con-
sumer of oxidants is the wastewater matrix. This requires an
empirical approach coupled with the measurements of re-
quired micropollutants. There are some indications from the
authors’ previous experience that small doses of ozone, in the
range of several mg/L, may degrade micropollutants select-
ively, without being affected by the general wastewater ma-
trix and without affecting it significantly (Klauson et al. 2019).

Adsorption is an equilibrium mass-transfer process: a high-
er concentration of a substance dissolved in the aqueous
phase results in a higher amount of it adsorbed on the surface
of activated carbon. Consequently, micropollutants are a mi-
nority of the substances adsorbed by the activated carbon
before its surface is filled, and it needs replacement. Spent
activated carbon, with its surface laden with concentrated
micropollutants and other compounds, becomes a hazardous
waste or produces such upon regeneration.

Bromides in wastewater: a possible threat

Bromide (Br") in municipal wastewater may originate from
several sources, including groundwater with seawater intru-
sion, relict seawater, surface water bodies fed by groundwater
sources, groundwater infiltration into wastewater, and dis-
charges of bromine-disinfected swimming pools or cooling
water. These are gaining popularity, as bromine is a more ef-
ficient oxidant than chlorine, being simultaneously less irritat-
ing (WHO 2018). In the presence of strong oxidants, the
bromide ion is prone to stepwise oxidation, terminating in the
formation of the carcinogenic bromate anion. In the case of
bromide-containing water ozonation, the following reactions
take place, both with molecular ozone and OH-radicals
(Morrison et al. 2023):

Br~ + 0; - BrO™ + 0,, (1
BrO~ + H* 2 HOBr, )
BrO~™ + O; — BrO; + 0,, 3)
HOBr + 0; — BrO; + 0, + H™, “)
BrO; + 0; - BrO3 + 0,, 5)
BrO; + O3 — ¢BrO, + ¢ 03, (6)

2 BI‘OZ 2 BI'204, (7)

Br,0, + H,0 - BrO; + BrO3 + 2H*, (8)

Br+e¢0OH — «Br+ OH™, )
eBr+ O3 — ¢BrO+ O,, (10)

¢ BrO+ 03 — «Br0, + 0,, (11)
e BrO, + « OH - BrO3 + H™. (12)

Radical reactions (see Eqs (9)—(12)) are known to have a
significant role in ozonation only at alkaline pH (e.g. Asgari
etal. 2017). At conditions closer to neutral, as expected in the
WWTP effluents, their role is marginal, leaving the reactions
of molecular ozone as the main pathway. At near-neutral pH,
ca 96% of the hypobromite ion formed in reaction (1) exists
in water as hypobromous acid (HOBr), as its pK, is 8.65
(Perrin 1982). This is a potent disinfectant and brominating
agent. Its oxidation to bromite (Eq. (3)) is a slow process
compared to that of the hypobromite ion, with the second-
order rate constants being 0.01 L/(mol x s) for Eq. (4) and
100 L/(mol x s) for Eq. (2), respectively (Morrison et al 2023).
While reaction (5) was originally proposed to describe the
oxidation of bromite to bromate (Haag and Hoigne 1983),
more recent research (Odeh et al. 2004) suggests that the
mechanism is somewhat more complex, as described by
Eqgs (6)—(8). Additionally, the hypobromite anion formed in
reaction (1) can undergo reduction by ozone, partially revert-
ing to bromide (Morrison et al. 2023):

BrO~™ + 0; = Br™ + 20,. (13)

Moreover, in many places around the world, WWTP ef-
fluents are disinfected by chlorine-based chemicals before the
discharge. That can be described by the following reaction
equations (Mestri et al. 2023):

Br~ + HOCl —» ClI~ + HOBr. (14)
HOBr + HOCl —» HBrO, + CI- + H*, (15)

HBrO, + HOCl —» BrO3 + CI~ + 2 H*. (16)

The maximum level of bromate allowed in drinking water
is 10 mg/L (European Union 2020); due to the absence of
straightforward guidelines for treated discharged wastewater,
this figure could be used as a benchmark in this situation.
It has been previously suggested (CWPharma 2020) that
potentially unsafe bromide concentrations could be 0.15 mg/L
when applying ozone doses above 0.7 mg O,/mg DOC.

This way, bromides in wastewater impose constraints on
the method choices for micropollutant abatement. While 0zo-
nation is generally considered to be almost free from side



effects, the presence of bromide requires preliminary studies
and process fine-tuning before actual applications. Adsorp-
tion, inevitably producing large amounts of concentrated
wastes, can be applied in cases where ozonation would seem
too risky.

So far, no meaningful bromide removal from water has
been shown in the literature. While there have been studies
addressing biological, physical, and physico-chemical pro-
cesses, they largely fail: only reverse osmosis and, to a
smaller extent, nanofiltration have provided efficient results
(Chowdhury et al. 2022). However, these are not the methods
to be applied to the average WWTP effluent. While some
studies provided decent to good results for selective ion
exchange, these worked well in low-ionic-strength waters,
while adding other ionic admixtures present in real-life
WWTP effluents lowered bromide removal efficiency dras-
tically (Chowdhury et al. 2022). Consequently, any real-life
WWTP treatment aimed at micropollutant removal must face
the challenges and restrictions posed by bromides in water.

Estonian groundwater: hydrogeological context

The Republic of Estonia is a country in Northern Europe,
situated on the eastern coast of the Baltic Sea. With a popu-
lation of roughly 1.34 million, Estonia has only two WWTPs
serving over 150 000 p.e., namely, in Tallinn, the capital city,
and Tartu, the second-largest city. However, some of the mu-
nicipalities with WWTPs serving at least 10 000 p.e. may also
be affected by the micropollutant-connected changes in the
EU Wastewater Directive, based on the discharge area risk
assessment. Around 2/3 of Estonian drinking water con-
sumption originates from groundwater, the composition of
which is strongly affected by the history of the Baltic Sea
formation in the geological past. Figure 1 shows the hydro-
geological map of Estonia.

Geologically, Estonia is situated on the southern slope of
the Baltic Shield, with sedimentary beds inclined southwards
by 2—4 m/km, underlain by a porphyritic granite crystalline
basement (Karro et al. 2009). The upper part of the basement
is partially fractured and contains saline water. The basement
is overlain, in turn, by clay minerals from basement granite
weathering, Vendian and Cambrian siltstone and sandstone,
Silurian and Ordovician limestone, middle-Lower and Middle
Devonian siltstone and sandstone, and is finally covered by
Quaternary deposits made up mostly of glacial till, glacio-
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lacustrine deposits, and glaciofluvial sand (Karro et al. 2004;
Karro et al. 2009). The water-bearing sedimentary rock beds
are separated by clay-based aquitards.

In the northernmost part of Estonia, including ca 10% of
Tallinn, groundwater from the Cambrian—Vendian aquifers
(0.3-2 g/L of the total dissolved solids, TDS) is used; the
water-bearing layers are composed of sandstone and are
separated by limestone and clay. They are connected to the
sea at the bottom of the Gulf of Finland, some 20 km from
the shoreline (Karro et al. 2004), making bromide-containing
saltwater intrusion a naturally occurring phenomenon. In gen-
eral, the Cambrian—Vendian aquifer is recharged in Southern
Estonia and flows northward at a velocity of 0.0005-0.005 m/d
(Karro et al. 2004). This way, the mineral composition of the
Cambrian—Vendian groundwater is mainly affected by the
water—rock interaction geochemistry (Karro et al. 2004).
Additionally, local recharges with modern water take place
in buried erosional valleys, formed in the pre-Quaternary
interglacial, glacial, and postglacial times. At least 10 larger
and around 20 smaller buried valleys have been detected
along the Northern Estonian coast (Karro et al. 2004).

At the same time, the Cambrian—Vendian groundwater
layer is underlain by more saline water in the fractured crys-
talline basement, with up to 51-61 mg/L Br- and up to 5 g/L
TDS (Karro et al. 2004). This way, the coastline-related
Cambrian—Vendian groundwater wells in the Northern Estonian
plain can experience increased salinity due to both seawater
intrusion and saline groundwater intrusion, giving bromide
levels of up to 4 mg/L. As the Cambrian—Vendian water
pumped close to the seashore has a higher Br/Cl ratio than
the seawater from the Gulf of Finland, underlying saltwater
levels with an increased bromide content seem to be the main
source of elevated bromide concentrations in the northern-
most Estonian groundwater (Karro et al. 2004).

The largest city in Northern Estonia, Tallinn, gets around
90% of its water from Lake Ulemiste, situated within the city
borders and mainly fed by surface waters from Central
Estonia. On the contrary, in other areas of Northern Estonia,
around 3/4 of water supply comes from the Cambrian—
Vendian aquifer (Karro et al. 2004). In North-Eastern Estonia,
due to mining activities, saltwater intrusion into the Cambrian—
Vendian aquifers is the most pronounced, resulting in the
increased content of salts, including those of barium (up to
6.4 mg/L) (Karro et al. 2009).
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Fig 1. Groundwater map of Estonia (adapted from Karro et al. 2020).



90 D. Klauson et al.

Northern, Western and Central Estonia get their ground-
water from the Silurian—Ordovician aquifers, where the water-
bearing rock is composed of layers of limestone and dolomite.
It consists of interbedded 1-2 m thick carbonaceous zones
with lateral water flow, separated by 5—10 m thick fissured
zones where water flows vertically (Karro et al. 2009). With
the carbonaceous rocks karstified, especially in the upper
30 m (Karro et al. 2009), the aquifer allows rapid refilling of
the layer, along with fast contaminant transport. Therefore,
Central Estonia with its agricultural lands is a nitrate-sensitive
area, where the mainly agricultural pollution, including ni-
trates and pesticides, ends up in deeper water layers, used as
drinking water sources. Groundwater in Western Estonia is
known to have pockets of relict seawater: it has elevated
concentrations of salts, including above 6 mg/L of F~ and
above 2 mg/L of B, together with elevated concentrations of
CI” and Br. The Silurian—Ordovician groundwater has TDS
of 0.2—-1.5 g/L (Karro et al. 2009).

Southern Estonia uses groundwater from the Devonian
aquifers, where the water-bearing rock is again siltstone and
sandstone. South-Eastern Estonia is characterised by the
availability of relict seawater; in the easternmost part of
Southern Estonia, some relict seawater layers have a relatively
high mineral content (up to 22 g/L TDS), and brackish min-
eral water is produced there in Vérska. The Middle Devonian
water is the most widely used groundwater in Southern Estonia;
the water has low salt content (0.2—0.6 g/L TDS), with its
characteristic mineral additive being iron, reaching up to
26 mg/L (Karro et al. 2020). The second-largest Estonian city,
Tartu, uses both the shallower Devonian and the deeper
Silurian—Ordovician wells.

Materials and methods

Sampling was carried out during 2022-2023 in 10 Estonian
WWTPs serving 10 000 p.e. or more, with each site sampled
twice. Bromide concentrations were measured by a modifi-
cation of the standard N,N-diethyl-p-phenylenediamine
(DPD) method: one droplet of 0.1 N Na,S,0, was added to
50 mL of sample to remove any possible interference from
oxidants, with two minutes taken as reduction time. This was
followed by 1 mL of 3% H,O,. After five-minute oxidation,
10 mL of the obtained solution was taken and measured
according to the HACH DPD Method 8016: a sachet of DPD
was added to the solution, and the measurement was carried
out after one minute of colour development at the wavelength
of 530 nm. The calibration made by the authors allowed meas-
urements in the range of 0.01-2.25 mg/L Br~, with the de-
termination coefficient of R? = 0.907. The measurement
results were double-checked using a bromide-sensitive elec-
trode HI716 by Hanna Instruments (minimal detection prac-
tically 0.1 mg/L Br’). The difference between the two
methods was within the limits of analytical precision, while
the photocolorimetric method, having greater sensitivity, was
employed as the main measurement approach. Additionally,
the following parameters were measured: pH, dissolved
oxygen, redox potential, electrical conductivity, total phos-
phorus and nitrogen, ammonium (bromate formation sup-

pressor), nitrites (ozone consumers) and nitrates, suspended
solids (ozone consumers, hydraulic load), chemical oxygen
demand, total organic carbon, and dissolved organic carbon
(main ozone consumer). The measurement parameters were
selected to cover the key factors in planning quaternary
wastewater treatment.

Results and discussion

Bromides in the analysed WWTP effluent

For the sake of discretion of the companies involved, Fig. 2
shows the results as the average composition of the analysed
WWTP effluents. As the analysed WWTPs have different dis-
charge requirements (above 10000 p.e. and above 100000 p.e.),
the variability in values is noticeable.

The results show an average of 0.12 mg Br/L, with a
minimum concentration of 0.07 mg Br/L and an observed
maximum of 0.24 mg Br /L. Figure 3 shows the geographic
distribution of the results and the concentration ranges.
What is interesting to note is that the proximity to the sea,
often regarded by default as a source of seawater intrusion
and a source of bromides, is not a direct pre-requisite to high
bromide content in the WWTP discharge.

Role of nitrogen species

Nitrites present in the WWTP plant effluents show that the
nitrification is incomplete. While the detected amounts (aver-
age 0.2 mg/L) are not significant in terms of WWTP effluent
discharge, they affect quaternary treatment by consuming part
of the ozone for the oxidation to nitrates, which at the average
effluent pH proceeds via molecular reactions:

NO; + 05 — NO3 + O,. (17)

As shown earlier (CWPharma 2020), the amount of ozone
for micropollutant degradation in the presence of nitrites can
be calculated as follows:

D(03) = Dpoc X DOC + 3.43 x C(NO3), (18)
where D(O,) is the calculated ozone dosage (mg O,/L), D
is the DOC-specific ozone dosage (0.3 to 0.9 mg O,/(mg
DOC)) (CWPharma 2020), DOC is the dissolved organic
carbon content in mg/L, and C(NO,") is the concentration of
nitrite in the wastewater (mg/L).

Accordingly, for an average Estonian WWTP effluent
with a DOC of ca 30 mg/L, the determined amount of nitrite
(0.2 mg/L) increases the ozone dosage by 3% to 10%. With
an average ozonation energy consumption of 10 kWh/kg O,
(Sarron et al. 2021) and an average electric energy price of
0.25 EUR/kWh, this may result in additional costs of ca 1500
to 70 000 EUR, depending on the WWTP and the required
ozone dosage when using liquefied oxygen (LOX) as the
ozone source. When using treated outdoor air to produce
oxygen, this additional cost can be in the range of 1700 to
81 000 EUR annually. This highlights the importance of
efficient nitrification before micropollutant removal using
ozonation.
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Fig. 2. The average composition of wastewater treatment plant effluents analysed in this study.

Fig. 3. Geographic distribution and concentrations of Br~ in wastewater plant effluents: <0.1 mg/L Br= (A), 0.1-0.14 mg/L Br~(B),
and =0.15 mg/L Br=(C). Map source: Land and Spatial Development Board of Estonia.

The presence of ammonium (average detected 2.3 mg/L)
in WWTP effluents has more far-reaching effects. During
ozonation at the near-neutral WWTP effluent pH = 7.3,
reactions of molecular ozone prevail; unlike radicals, mol-
ecular ozone cannot oxidise the ammonium ion to a notice-
able degree (Hoigne and Bader 1978). When subjecting bro-
mide-containing water to ozonation, excess amounts of NH,"
were shown (e.g. Morrison et al. 2023) to supress bromate
formation. Hypobromous acid, formed from hypobromite at

pH values lower than 8.65, readily reacts with hypobromite
to form monobromamine (NH,Br), as shown in the following
equation:

HOBr + NHf - NH,Br+ H,0+ H*. (19)
Reaction (19) effectively removes hypobromites and

hypobromous acid, considerably hindering their possible
oxidation to bromates. It also undergoes ozonation, with
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bromide and nitrate ions being the major products, as
suggested in the following equation:

NH,Br +3 05 - Br™ + NO3 +3 0, + 2H*. (20)

While hypobromous acid reacts with ammonium (Eq. (19))
quickly, then the degradation of monobromamine by ozone
(Eq. (20)) is slow. For example, for reaction (19), Morrison
et al. (2023) provide a reaction rate constant of 5.5-7.5 x
107 L/(mol x s) for ideal conditions, suggesting that it may
decrease by up to two orders of magnitude in practice. To com-
pare, the rate constant for reaction (18) is 40 L/(mol x s).
Thus, monobromamine forms ca 10 000 times faster than it
degrades.

While bromide oxidation reactions are reported as second-
order, both ozone and ammonia are present in large excess
relative to bromide (with ozone constantly replenished).
Consequently, to estimate the ozonation products’ concen-
tration, the pseudo-first-order kinetics can be used. Additio-
nally, a continuous stirred-tank reactor (CSTR) model should
be applied to continuous-flow ozonation, thus giving the
following equation to operate with:

Co

Ct: 1+krt’ @D

where k' is the pseudo-first-order reaction rate constant (1/s),
t is the reaction time (s), and C|; is the initial concentration of
the respective compound (mol/L).

The pseudo-first-order reaction constant can be obtained by
multiplying the second-order rate constant k, by the initial con-
centration of the reagent in excess (0zone or ammonium), e.g.:

k' = ky, X Cy(03). (22)

Additionally, the amounts of ozone available for the
oxidation reactions, which have moderate reaction rate con-
stants at earlier stages, can be deduced as the difference
between the supplied ozone (20 mg O,/L for the average
WWTP effluent) and the ozone consumed by the DOC
and the nitrate present in water (see Eq. (17)). For an average
ozone dose of 0.6 mg O,/mg DOC, with DOC = 30 mg/L and
0.2 mg/L NO,", this would result in 18.7 mg O,/L, making
1.3 mg O,/L available for bromide oxidation.

The initial oxidation of bromide to hypobromite (Eq. (1))
is reported to have a reaction rate constant of 160 L/(mol X s).
Thus, a 30-minute ozonation of 0.15 mg/L of bromide results
in the nearly 90% conversion and the formation of ca 0.16 mg/L
BrO™. The hypobromite ion is conjugated with hypobromous
acid, having a pK, = 8.65 (Perrin 1982). The amount of
dissociated hypobromous acid at any given pH can be de-
termined as follows:

w(Br0™) = 10PH~PKa(HOBr) (23)

The calculation according to Eq. (23) suggests that,
at pH = 7.3, only 4.5% of the formed hypobromite remains
in ionic form, while all the rest transforms into hypobromous
acid on formation. While this remaining hypobromite can be
reduced to bromide, according to Eq. (13), hypobromous acid
undergoes fast conversion to monobromamine. Up to 2/3 of the
formed monobromamine degrades according to reaction (20),
producing nitrates and bromides, while around 0.05 mg/L
NH,Br could be expected to remain in the treated WWTP
effluent after a 30-minute ozonation under such conditions.
These calculations suggest that, for the average effluent of an
Estonian WWTP serving at least 10000 p.e., ozonation should
lead to the formation of monobromamine as opposed to bro-
mate due to the large excess of ammonium.

To compare, the kinetics of stepwise bromide-to-bromate
oxidation within 30 minutes of ozonation reaction can be cal-
culated, starting likewise with 0.15 mg/L bromide but without
ammonium. There, the formation of bromate can be calcu-
lated to ca 0.06 mg/L using the more refined electron-transfer
approach (Eqs (6)—(8)). Longer contact times and higher
concentrations of both bromide and ozone would allow reach-
ing the dangerous 10 mg BrO, /L threshold, but a 30-minute
contact time with average ozone doses seems to rule out that
possibility at least in theory. Also, up to 0.15 mg/L hypo-
bromous acid is expected to accumulate. Figure 4 sums up
the major reactions taking place in bromide ozonation, both
in the absence and in the presence of dissolved ammonium.

It must be noted that with the concentrations of this
magnitude, mass transfer will impose additional limitations
on the formation of the products; the undertaken analysis
results in higher concentrations than could be achieved in
reality. This kinetic study was envisioned not to provide

O, H* 0O, O,
Br » BrO- : HOBr BrO," +0y5
k, = 160 L/(mol x 5) 2]k = 8.9 x 104 Li(mol x 5)
] N 02 k,=0.01L/(mol xs) 4+ H* k, =5 x 107 L/(mol x s)
0, 0, +0,
k, = 330 L/(mol x 5) NHH|| =685 x10°Uimolxs)
0.5BrO; | +H*
O NH,Br |+ H,0 + H*
k, = 40 L/(mol x s) 250 [+ U+

Fig. 4. Major reactions during bromide-containing water ozonation. Arrows reflect the relative reaction rate; major transformation
products are in bold. Dark grey background: products obtainable without ammonium, light grey background: products obtainable in the

presence of ammonium.



absolute values but as a comparison to provide an insight into
the probability of obtaining different bromine-containing
products. Mass transfer-induced restrictions would not, how-
ever, change the principle qualitative outcomes in terms of
obtained products.

Consequently, the average effluent of an Estonian WWTP
serving at least 10000 p.e. is not expected to produce enough
bromates on ozonation, with the ammonium present suppress-
ing bromate formation. Instead, monobromamine formation
takes place. If the ozonation step is followed by a biofilter,
the expected amounts of monobromamine may affect the bio-
filter performance. The degradation of monobromamine by
ozonation alone is time-consuming. In the absence of am-
monium, significant formation of bromate would also not be
expected according to the kinetic calculations, resulting in the
formation and accumulation of hypobromous acid.

To estimate the outcomes of bromide-containing water
ozonation in terms of bromide oxidation, one must compare
the three distinct products formed: bromate, hypobromous
acid, and monobromamine. The direct comparison of the
three compounds’ aquatic toxicity is not possible, as hypo-
bromous acid and monobromamine are not stable enough to
conduct the toxicity tests. Their instability is manifested
through reactions forming brominated organics that can be
more hazardous than bromate. Consequently, it is highly im-
perative to consider their reactions with polyaromatic natural
organic matter (NOM), which, for the sake of simplicity, we
can model here with phenol. Phenol has a pKa value of
ca 10 (PubChem 2025), meaning that, at pH = 7.3, it is almost
exclusively in molecular form, with only around 0.2% dis-
sociated to the phenolate anion. However, the phenolate anion
has a very high reactivity compared to the undissociated
molecule, with the -O~ group activating the aromatic cycle
through resonance better than the undissociated -OH group:
the respective reaction rate can vary by several orders of mag-
nitude in favour of phenolate (Gallard et al. 2003). Once
phenolate is reacted, a portion of phenol dissociates to main-
tain the equilibrium.

In terms of compound toxicity and direct hazards, bro-
mate certainly poses the greatest threat. While bromate is a
strong oxidant in theory, the kinetics of organics oxidation by
it are very slow, and its bromination ability is the weakest
among these three compounds. This is due to high stability
of the bromate anion, arising from its tetrahedral shape, re-
sonance stabilisation, and a relatively high number of elec-
trons needed to reduce it. Bromate can react at reasonable
rates only with strong reducing agents; these are typically not
found in natural waters, including WWTP discharges, but are
abundant inside cells (sulfide groups and disulfide bridges
in proteins, Fe?*, amino groups in proteins and nucleic
acids, etc.), resulting in bromate toxicity and carcinogenicity,
as we know it. Consequently, neither NOM in general nor
phenol (neither molecule nor the phenolate ion) are affected
by bromate as an oxidant or a brominating agent to any
noticeable degree.

Hypobromous acid, on the contratry, presents a real
danger through the electrophilic substitution reactions it
initiates with NOM. HOBEr is a strong brominating agent with
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the respective reaction rates being high, e.g. bromination of
phenol proceeds with the apparent reaction rate constant of
up to 3.5 x 10° L/(mol x s) (Gallard et al. 2003), taking into
account the individual reactions of molecular HOBr and
phenol, HOBr and the phenolate ion, hypobromite and the
phenolate ions, and the degree of dissociation of HOBr and
phenol at pH = 7.3. As an outcome of these reactions,
C-Br bonds are created, which easily break and form in dif-
ferent places in photochemical reactions in the environment,
leading to the formation of various brominated compounds.
During ozonation, the bromination of organic compounds by
HOBE creates specific sites for ozone to attack — the carbon
atom which had its adjacent hydrogen replaced by bromine,
leading to the rupture of aromatic cycles and the production
of numerous trihalomethanes (THMs) and other compounds
generally referred to as disinfection by-products or DBPs.
Many brominated organic compounds, including DBPs, can
be considered more dangerous than bromate (Wu et al. 2019).

Finally, in the case of monobromamine, we need to take
into consideration its pH-related equilibrium before pro-
ceeding with the discussion. An experimentally determined
monobromamine pK, has been reported, due to the com-
pound’s relative instability over a wider range, with 6.5
(Johannesson 1960) being perhaps the most cited figure.
Taking that into account would mean that, at pH = 7.3,
ca 84% of monobromamine is present in the neutral molecular
form (see Eq. (23) describing the hypobromite/hypobromous
acid pH equilibrium), while the remaining 16% is present as
the monobromammonium ion NH;Br*, which is a stronger
electrophile and therefore more reactive, primarily attacking
phenolate anions. Consequently, bromination of phenol at
neutral media by monobromamine has the reaction rate of
ca 1.3 x 10% L/(mol x s) (Heeb et al. 2017). The rate of phenol
bromination by monobromamine is thus three orders of mag-
nitude slower than in the case of HOBT, resulting in the lower
formation of brominated organics and bromine-containing
DBPs. At the same time, monobromamine degrades by ozone
(see Eq. (40)), in addition to undergoing several self-decom-
position pathways, producing bromide, gaseous nitrogen, ni-
trate, nitrogen oxides, etc. (Hu et al. 2021). Consequently, mono-
bromamine reacts relatively slowly and degrades by various
mechanisms at a comparable rate, liberating the bromide ion
back to the solution. Based on this, the availability of am-
monium in the solution appears to summarily shield the
bromide anion from any meaningful oxidation that could
result in the formation of either directly hazardous bromate
or hypobromous acid, which is a precursor to even more haz-
ardous brominated organic compounds, in any meaningful
amounts.

These findings allow the authors to suggest that ozonation
can in principle be applied to remove micropollutants in the
quaternary treatment of WWTP effluents aimed at the abate-
ment of micropollutants, even if the bromide anions are pres-
ent. However, the amounts of the bromide anions must be
firmly estimated, and the availability of ammonium — either de-
liberately added or remaining from incomplete nitrification —
must be assured in order to obtain monobromamine instead
of hypobromous acid, the precursor to various brominated
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organic compounds. To assure that no bromate is produced
in significant amounts, the pH of the treated effluents must
be kept below 8, where the role of radical reactions in
ozonation is negligible. Any additives that can be used to
enhance OH-radical production (H,O,, Mn?*, MnO,, etc.) must
likewise be avoided, and no chlorination of the effluent is
advised. Additionally, at pH above 8, the alkalinity of water,
i.e. carbonates and bicarbonates produced by both organic
matter degradation and carbonaceous materials dissolution
(Tenno et al. 2018), scavenges hydroxyl radicals, producing
enough carbonate radicals. These radicals can oxidise the hypo-
bromite ions at a reaction rate constant of 4.3 x 107 L/(mol x s)
(Morrison et al. 2023), enabling the formation of bromates.
A further detailed experimental investigation into these
matters in the context of Estonian WWTP effluents is cur-
rently underway.

Conclusions

The goal of the current research was to map the concentration
of bromide (Br") in Estonian wastewater treatment plant
(WWTP) effluents, identifying areas where the potential
use of ozonation for the micropollutant removal in WWTP
effluents requires special attention. The results show that
among the 10 studied WWTPs throughout Estonia, two meas-
uring sites are clearly above the 0.15 mg/L Br~ threshold
suggested by the earlier studies, with another five staying
close to it (0.11-0.14 mg/L Br"). Consequently, for most of
the analysed WWTP effluents, the possibility of safely im-
plementing ozonation as the means to remove micropol-
lutants, while backed by kinetic analysis presented in this
paper, must still be proven experimentally before undertaken
in practice. Moreover, the possible disinfection by chlori-
nation of these effluents would not be advised. An experi-
mental study into this is currently conducted by the authors
and is a basis for future publications.

Taking into consideration the composition of an average
effluent of Estonian WWTPs serving 10 000 population
equivalents or more, the preliminary ozonation conditions
(ozone dose 20 mg O,/L, contact time 30 minutes) suggest
that the formation of bromates (BrO,") in significant amounts
is not to be expected, based on the available knowledge of re-
action kinetics. Instead, monobromamine (NH,Br) is expected
as the main bromine-containing by-product, due to the pre-
sence of significant amounts of ammonium in the effluents.
In the absence of ammonium, hypobromous acid (HOBYr) is
the dominant bromine-containing product. This substance is
a fast and strong brominating agent, leading to the formation
of brominated organics, which is more dangerous than bro-
mate. In comparison, monobromamine seems to be a far more
harmless compound, brominating organics ca 1000 times
slower than hypobromous acid and degrading simultaneously,
with the release of bromide.

The research also results in the general awareness of po-
tential challenges caused by bromide in wastewater, including
those arising from the implementation of the latest version of
the EU Wastewater Directive. The continuation of this re-

search, which is currently in progress, aims to evaluate the
experimental applicability of ozonation as a quaternary treat-
ment technology and to elaborate the working conditions
under which ozonation may be considered safe.
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Bromiidid puhastatud reovees: kvaternaarsete reoveepuhastusmeetodite
valiku piirangud jaak-mikrosaasteainete eemaldamisel. Eesti juhtumiuuring

Deniss Klauson, Erki Lember ja Jaak Jaaku

T606s uuritakse bromiidide sisaldust vahemalt 10 000 inimekvivalenti teenindavate Eesti reoveepuhastusjaa-
made heitvees. Bromiididel (Br’) vdib olla oluline roll kvaternaarsete puhastusmeetodite valikul mikrosaas-
teainete eemaldamiseks heitveest, mida hakkab ndudma peatselt jdustuv uuenenud Euroopa reoveedirektiiv.
Nimelt v6ib bromiide sisaldava vee osoonimisel tekkida k&rvalproduktina ohtlike omadustega bromaate (BrO3‘);
autorite varasemad uuringud on naidanud, et ohtlikuks piiriks vdib olla 0,15 mg/L Br™. T66 kadigus tehtud ana-
|UUsid naitavad, et ainult 20% reoveepuhastusjaamadest on bromiidide sisaldus heitvees selgelt alla ohtliku
piiri, 60% jaamades on see piiripealne ja 20% jaamades margatavalt suurem. Samas naitab keskmise heitvee
koostise pdhjal tehtud kineetiline analls, et pdhilised broomi sisaldavad k&rvalsaadused on pigem mono-
broomamiin (NH,Br) ja hlipobroomishape (HOBr). See vajab praktilist kinnitust katselisel viisil, mis kajastub

autorite jargnevates publikatsioonides.
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