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COMBINED CONTROL OF MULTIRATE IMPULSE PROCESSES
IN A COGNITIVE MAP OF COVID-19 MORBIDITY

V. ROMANENKO, Y. MILTIAVSKYI

Abstract. In this article, a cognitive map (CM) of COVID-19 morbidity in a given
region was built. A general linear impulse process (IP) model in the CM was devel-
oped and measured, and unmeasured CM node coordinates were defined. The gen-
eral IP model was decomposed into interrelated subsystems with measurable and
unmeasurable node coordinates. For the subsystem with measurable node coordi-
nates, multirate sampling of coordinates was conducted, resulting in the develop-
ment of discrete dynamics models for quickly and slowly measured node coordi-
nates. External controls were selected in IP models based on the possible variation
of resources of node coordinates and CM weighting coefficients. IP control laws
based on the variation of CM nodes and weight were designed. As a result, recurrent
procedures for control generation in closed-loop control subsystems with multirate
sampling were formulated. Experimental research on the control subsystems was
carried out. It confirmed high efficiency for decreasing COVID-19 morbidity.

Keywords: cognitive map, impulse processes, control law, optimality criterion,
COVID-19.

INTRODUCTION

In the given article, cognitive modeling is applied to the research of dynamic
processes of coronavirus morbidity. Cognitive modeling is based on the notion of
a cognitive map (CM) which is defined as a weighted oriented graph with nodes
representing coordinates (concepts, factors, characteristics) of a complex system
and weighted edges (arcs) describing cause and effect interrelations between CM
nodes. CM is built by experts. It allows qualitative description of interrelations
between complex system’s components and quantitative assessment of the effect
of each CM node on all others, using edges of the oriented graph.

During evolution of a complex system with impulse-type behavior CM co-
ordinates evolve with time under the effect of different disturbances. Each coor-
dinate takes value z;(k) at discrete time moments k£ =0,1,2,... At the next sam-

pling period the value z;(k+1) is determined by the value z;(k) and information

about increase or decrease of values of other nodes adjacent to given i -th node, at
time moment k& . Change of any j-th node at time moment £ is called “impulse”

and according to [1] is denoted by P;(k) and is given as a difference
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Pi(k)=z;(k)—z;(k-1), k>0.Impulse P;(k) incoming to the ;-th node will

propagate over the paths of the CM to other nodes while increasing or decreasing.
Propagation process of disturbances in the CM is defined by the difference equation [1]

z,(k+1)=z,(k)+ faijpj(k), i=1,..n, (1)
Jj=1

where a;; is a weight of an oriented graph’s edge connecting the j-th node with

the 7-th one. If an edge connecting i -th and j-th nodes is absent, respective co-
efficient a; =0.

CM nodes coordinates propagation rule (1) is often written as a first-order
difference euqatin in variables increments

Az (k+1)= 3 ayz; (k). ®)
=1

which describes CM IP. Here Az;(k)=z;(k)—z;(k-1), i=12,...,n. In a vector
form equation (2) is written as follows

AZ (k+1)= ANZ (k), (3)

where A is a transposed adjacency matrix of the CM, AZ (k) is a vector of in-
crements of coordinates z; of CM nodes, i=1,2,...,n. From the control theory

perspective the model (3) describes dynamics of linear multivariate system in dis-
crete time under free motion of CM nodes.

Not all CM nodes are measurable in different complex systems. E.g., it is
impossible to accurately measure level of a population health, level of democracy
in a society, level of corruption and shadow economy, level of political activity
etc. To solve this problem, [2] suggests to decompose the initial CM model (2),
(3) into two interrelated CM. So, n CM nodes coordinates z; are broken down
into p measurable nodes x; (i=1,..,p) and (n— p) unmeasurable nodes y;,
[=p+1,..,n. Then IP model (3) can be presented as two interrelated subsystems
of IP:

AX (k +1) = A4 ,AX (k) + A, AY (k) ; 4)
AY (k+1) = Ay AY (k) + Ay AX (k) 5)

where X is a vector of measurable CM nodes, Y is a vector of unmeasurable
nodes. Here matrices of weights A4;,, 4,, represent interrelations between the
first (4) and the second (5) parts of the initial CM (3).

In [3] the problem of control automation for CM IP is solved by means of
varying CM nodes coordinates and weights with unirate sampling, where controls
are designed in a closed-loop control system. For this purpose equation (4) with
measurable coordinates is used, augmented by controls as follows:

AX (k +1) = A, AX (k) + A, AY (k) + BAu (k) + L(k)Aa(k),
where Au(k)=u(k)—u(k—1) is the first difference of an external control vector

formed by means of varying resources of CM nodes coordinates,
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Aa(k)=a(k)—a(k —1) is the first difference of a control vector based on vary-
ing the degree of influence a;(k) of the coordinate Ax;(k) on the coordinate

Ax; (k) . The rules for writing matrices B and L(k) are described in [3, 4]. Ap-
plying variations Au(k) and Aa(k) as control inputs is necessary when dimen-

sions dimAu (k) or dimAa(k) are much less than number of nodes dimAX (k).

In such a case using only one group of controls significantly decreases accuracy
and speed of control systems for CM IP.

Among the coordinates of the vector X in the model (4) there can be some
coordinates )? r measured (fixed) with a small sampling period 7, and some co-

ordinates X, measured with a big sampling period /1 =mT, where m is integer

greater than 1. To describe dynamics of such a system a model of an IP with mul-
tirate sampling was developed in [5].

CONSTRUCTION OF A COVID-19 MORBIDITY CM

Fig. 1 shows a CM of cause-and-effect relations in the process of spread of
COVID-19 morbidity in a given region. The following nodes are included into the
CM: 1 — number of daily revealed infected patients; 2 — number of daily vacci-
nated people; 3 — number of patients dying daily of COVID-19; 4 — number of

Fig. 1. COVID-19 morbidity CM

patients in isolation in the given region; 5 — number of patients recovered from
COVID-19 in the given region; 6 — number of infected passengers revealed dur-
ing arriving from other regions; 7 — number of patients in hospitals in the given
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region; 8 — degree of contacts intensity set for the population of the given region
when being in industrial, educational, public spaces; 9 — level of contact protec-
tion against infection (wearing masks); 10 — number of not isolated sick people
who move freely (including those who arrived from other regions and ere not re-
vealed at arrival); 11 — level of danger of the virus strain.

Each CM node affects other nodes. Degree of the effect is estimated by the
weights which can be positive or negative. E.g., the effect of the node 2 on the
node 10 is reflected by the coefficient -0.3 because increase of number of daily
vaccinated people leads to decrease of number of infected not isolated people who
freely move; increase of level of danger of the virus strain (node 11) leads to in-
crease of number of daily revealed infected patients with coefficient 0.4.

For cognitive modeling all CM nodes coordinates which represent factors of
different physical nature are usually kept in a single scale. That’s because when
building the weighted oriented graph experts cannot correctly set the weighting
coefficients of edges between CM nodes if they are measured in different units
(like level of wearing masks, number of patients, danger of the virus strain). Here
we suggest using 100 points scale for all CM nodes coordinates where 0 points
means absence of a given factor and 100 points means maximal possible level of
this factor at the given time interval. Obviously, when defining these factors
values some subjectivity is possible, but it does not interfere with modeling or
control of the whole system behavior.

MODELS DEVELOPMENT FOR CM IP SUBSYSTEMS WITH MULTIRATE
SAMPLING FOR QUICKLY AND SLOWLY MEASURED COORDINATES

We develop models with multirate coordinates sampling based on the model (3),
(5) of the subsystem with measurable coordinates. We assume that some coordi-

nates X , of the vector X belong to the quickly measured CM nodes with a
small sampling period 7;, and some coordinates X are measured in discrete time

moments with a big sampling period ~=m7,. Then the IP model (5) can be
generally written in an intermediate form with unirate sampling as follows:

AX (k +1) (A Aug AX / (k) LB 0 Auy (k) .
AX (k+1)) \ g Ans )\ AX (k) ) | 0 By )\ Aug(k)

+ (Lf ky 0 J(A‘zf (k)J + (A”f jAY(k). (6)
0 Li(k))\ Aay(k) Apyg

Quickly measured coordinates )? ; are nodes 1, 2, 3, 4, 5, 6, 7 of the CM

(Fig. 1). Slowly measured node x, is the CM node 8 — degree of contacts inten-
sity for the population of the given region. Unmeasured coordinates are nodes 9,
10, 11. To create controls Au,(k), Auy(k), Aug(k) we can use varying the re-
sources of the nodes 2, 4, 8 respectively. Varying the weight coefficient a¢; (how

number of infected passengers revealed during arriving from other regions affects
number of patients in hospitals) can be used to create a control Aag;(k). Then
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sizes of the vectors in the model (6) will be dimX =1, dim X, =1,
dimu, =2, dimi, =1, dimY =3, dimAa, =1, dimAz, =0.
According to CM on Fig. 1, matrices in the model (6) will be the following:

03 -02 0 0 0 0 0
03 0 01 0 0 0 0
0 -005 0 0 -015 0 0
Ay =[04 -02 0 0 0 07 0|

0 04 -05 02 0
0 0 0 0 0 0 0
0.1 -025 0 0 0 0.25 0.2

A 5=06 0 02 0 0 0 025),

Ay =(=02 0 0 =005 0 0 —0.05), 4, =0.

Matrix B is created by the CM IP control system designer. It has to ensure
scaling and switching designed controls Au (k). Elements of the matrix B, are
zeros and ones. Element b;, =1 when the i -th CM node is affected by the p -th
component of the control vector. Thus in each row of the matrix B, only one el-
ement can be equal to one and all others will be zero. Size of the matrix B, for
the given CM (6) is 7x2 where 7 and 2 are sizes of vectors X rand uy(k) re-
spectively. Then

(o 1 00000}T
By =

00010O00O0

The rules for writing the matrix L, (k) can be found in [3]. For the model
©) L;(k)=(0 0 0 0 0 Axs(k) 0)".

Unmeasurable CM nodes coordinates yq,1;(,»;; in the model (6) are in-

cluded into the vector AY (k) as unmeasurable disturbances. Then matrix 4, rin
the CM (Fig. 1) will be

~05 06 04
0 0 02
0 0 03

Apyp=| 0 —03 0
0 -04 0
0 0 06
0 02 0
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There is only one slowly measurable coordinate 8 in the CM which can be
affected by the control u, with a sampling period 4 =mT|, via varying resources

of the node 8. So in model (6) B, =1, L (k) =0. Unmeasurable nodes 9, 10, 11
don’t affect the node 8, so 4;,, =0.

Thus IP model (5) is split into two parts. The first part describing dynamics
of the quickly measured CM nodes with sampling period 7|, can be written based

on (6) as follows:

AX/Hk}th(Hl)TO}—AanX/Hk}hHTO}rA“/S S[[i}h +

oy o]t}om] Z%iﬁiﬂ o] o

where [E} is integer part of dividing & by m, [ =0,1,...,m—1. The first differ-
m

s [ 2 o]
NIRRT

and zero otherwise. Disturbances vector

LLm

)

€nce

is generated by the unmeasurable nodes AY of the CM.
The second part of the model described the dynamics of the slowly measured
CM node 8 can be written in the intermediate form based on (6) as

Axg Hk}hﬂlﬂ)%}_AmfAXfHk}thlTO}LB Aug Hﬁ}hHTO} ®)
m

Based on the iterative procedure described in [5] the model (8) can be transi-
tioned to the form where the coordinate x; and the control u, have the big sam-

pling period & =mT, considering that 4,;, =0 and there are no external distur-
bances and weights-varying based controls:

N[ e
S (SR E R
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[t et [ o]

CONTROL AUTOMATION OF CM IP WITH MULTIRATE SAMPLING

For designing algorithms of CM IP automated control dynamics (7), (9) of the
should be written in full CM nodes coordinates (not in incre-

X, Hﬂh +(+ 1)T0} =
k

NT || k ~

R e
(5 o] s [Epn]

9
. MH - Ay AT fﬂﬂh - - 1)TO} - BAu, MH (an

where q_1 is a reverse shift operator with sampling period 7, .

vectors X o, xg

ments):

+Azfﬂﬂh+m)} : (10)

I|= 3=

To design quickly changes controls Au ;,Aa, the following quadratic crite-

rion is suggested:

J{HMUHVO}E {y{
oKl

Ry 0
72 AafH }hHTO}

where E is expectation (mean), Ef is set-point vector for stabilization of CM

T
h+(1+1)T0}5f} x

o) o[£

1
3 | =
| I

1
1
3 | =
1

Airy

>
Nl
~
1
1

I 3=

| I——

(12)

nodes coordinates X IE
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Aii,

Based on minimization of criterion (12) with respect to vector (A J , having

a

!
used model (10), we find quick combined control vector that affects nodes X I
according to (10):

AT, Hﬂh 1T,
Aa, Hﬂh 11T,
Al b Y o

o [Tk % || X
x {(1 st Ang = Ang DX, HZ}h " ITO} t4 USAXSH;}@ '

+A§{[ﬂh+ﬁo}@}. (13)

To design the slow control Au,, the second optimality criterion is suggested:

AGb el e 2] o

where G, is set-point vector for x, stabilization. Based on minimization of crite-

rion (14) with respect to Au,, having used model (11), we find slow combined
control that affects node 8:

Aug H%}h} - BzBi B (xs H%}h} 4 lsz):(f H%}h +(m— 1)T0:| -G j (15)

EXPERIMENTAL RESEARCH OF THE IP CONTROL SYSTEM IN THE
COVID-19 MORBIDITY CM

For a computational simulation initial values of CM nodes coordinates were set at
the medium levels x; =50, i =1,...,11. Problem statement of the experiments is to

move CM nodes coordinates x,,x,,x7,xg to the new levels G, =60, G, =40,
G, =40, Gg =40 . It means that we need to increase number of daily vaccinated
people (x,), decrease number of patients in isolation in the given region (x,),
decrease of patients in hospitals in the given region ( x ), decrease degree of con-
tacts intensity set for the population of the given region when being in industrial,
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educational, public spaces (xg). In the fast control subsystem (13) control vector

consists of the controls Au, = (Au, Au4)T and Aa; =Aag;, and in the slow

subsystem (15) there is only one control Au(rh)= Aug(rh), where r = [i} . Ra-
m

tio between sampling periods of fast and slow subsystems /4 =mI| is selected
with the coefficient m=6.

Fig. 2 shows the charts for the results of simulation of CM nodes
x;,i=1,...,11, and Fig. 3 demonstrates charts of the generated increments of con-

trols Au, (kTy),Auy(kTy)),Aagy (kT)), Aug(rh) based on control laws (13) and (15).

Xl(kTO) x2(kT0) x3(kT0) x4(kT0)
50 50 50
40 58 ( 49
56 48
30 45
20 54 47
10 52 46 M
50 40
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
x5(kTo) Xs(kTo) x7(kT0) xg(rh)
60 50 50 50
48
495 45 45
55
49
40 44
42
50 485
35
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Xo(KT,) X0(KTy) x,,KT,)
50 50 50
495
48.5
46
30
48
44 20 475
10 20 30 40 10 20 30 40 10 20 30 40

Fig. 2. Nodes coordinates changes

Based on the charts analysis we can formulate the following tendencies in
the changes of CM nodes coordinates and controls with multirate sampling.

1. CM nodes coordinates x,, x4, X7, x3 which are directly controlled by
Auy (kTy),Auy (KTy), Aag; (kTy), Aug(rh) respectively quickly shift to their new
levels G, =60,G, =40,G; =40,G3 =40.

2. Nodes coordinates x;,x3,x5,Xs Wwhich are not controlled directly move
slower to the new natural level, i.e. x;,x3,x¢ decrease and x5 increases.

3. Controls in the form of increments Au,(kTy), Auyu(k1y), Aag;(kTh),

Aug(rh) set at zero levels when transient processes are over.
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Au,(kT,) Au (KT )
o F
8
ok
6
2 H
4 -4
-6
2
-8
10 20 30 40 10 20 30 40
Aa67(kT0) Aus(rh)

10 20 30 40 10 20 30 40

Fig. 3. Controls changes

CONCLUSIONS

This article develops a CM which quantitatively describes interrelations between
factors during the spread of COVID-19 morbidity. Based on the CM the IP models
are developed which describe dynamic aspects of the morbidity in the form of
difference equations. Both measurable and unmeasurable coordinates are ac-
counted for. We also account for presence of both quickly and slowly measured
coordinates, which are reflected in the subsystems models with fast and slow
sampling. For these subsystems external controls are selected, which are then
generated based on the linear quadratic control method using combined resources
varying of some nodes coordinates and edges weights in the CM.

Experimental research was conducted by means of computational simulation
of the CM IP closed-loop control system. Based on the charts of the transients
processes of CM nodes coordinates and incremental controls it is concluded that
directly controlled CM nodes quickly shift to the new levels defined by the set-
points of the controller. Not directly controlled CM nodes coordinates move to the
new levels slower.
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KOMBIHOBAHE KEPYBAHHSA IMIYJbCHUMUW TIIPOUHECAMU 3
PI3BHOTEMIOBOIO JUCKPETHU3AIIIEIO B KOI'HITUBHIN KAPTI
3AXBOPIOBAHOCTI HA COVID-19 / B./1. Pomanenko, FO.JI. MinsBcbkuii

56

Amnorauisi. [Tooynosano korxitusay kapty (KK) po3noBciomKkeHHs 3aXBOpIOBaHOC-
ti Ha COVID-19 B nanomy perioni. Po3po6ieHo 3aranbHy JiHIHHY MOJEIb IMITyJIb-
cuux npoueci (IIT) KK i mpoBeaeHo aHaii3 BUMiprOBaHUX 1 HEBUMIPIOBAaHHX KOOP-
muaat BepumH KK. Bukonano pexommosumiro 3arameHoi Mogmenmi III  Ha
B3a€MOIIOB’sI3aHi MiJJICHCTEMH 3 BUMIPIOBaHIMH 1 HE BUMIPIOBAHUMH KOOPAWHATAMH
BepuinH. JIIs migcucTeMu 3 BUMipIOBAHMMH KOOPJIMHATAMH BEPIIHH HPOBEACHO pi-
3HOTEMIIOBY JIMCKPETH3AaLII0 KOOPJIHHAT, y Pe3yJIbTaTi 4YOro po3po0eHO TUCKPETHI
MOZENi JAWHAMIKH JUIS IIBHIKOBUMIPIOBAHUX 1 MOBUIEHOBHMIPIOBAHMUX KOOPIHMHAT
BepuH KK. Bubpano 30BHilnHi kepyBaibHi Aii B Mogersix II1 3 ypaxyBaHHIM MOX-
JIMBOTO BapilOBaHHS pPecypcaMu KOOPAMHAT BEPLIMH i BaroBux KoedilieHTiB pedep
KK. Bukonano cuHTe3 3aKkoHiB KepyBaHHsS 1[I Ha OCHOBI BapilOBaHHS KOOpPIHHAT
BEpIINH 1 BaroBoro xoegimieaTta. Po3pobieHo peKypeHTHI mpouexypu GopMyBaHHS
KepyBaJlbHHX Jifl y 3aMKHEHUX MiICHCTEMax KepyBaHHS 3 Pi3HOTEMIIOBOIO AUCKpe-
Tu3anieo. [IpoBeneHo excriepuMeHTaIbHI JOCHIIKEHHS IiICUCTEM KepyBaHHS, sSKi
HiJTBEP/DKYIOTH BUCOKY €(heKTUBHICTB 110 3HIDKEHHIO 3axBopioBaHocTi Ha COVID-19.

Kio4oBi ci10Ba: KOTHITHBHA KapTa, iMITYyJIbCHI TIPOLECH, 3aKOHU KepYBaHHS, KpU-
Tepiit ontumansHoCcTi, COVID-19.
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