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=Abstract=

DEVS/CS (Discrete Event Specification
System/Continuous System) Combined Modeling of
Cardiovascular Continuous System Model

Kye Rok Jun

Combined models, specified by two or more modeling formalisms, can represent a wide variety of
complex systems. This paper describes a methodology for the development of combined models in two
model types of discrete event and continuous process. The methodology is based on transformation of
confinuous state space into discrete one to homomorphically represent dynamics of continuous proces-
ses in discrete events.

This paper proposes a formal structure which can combine model of the DES and the CS within a
framework. The structure employs the DEVS formalism for the DES models and differential or poly-
nomial equations for the CS models. To employ the proposed structure to specify a DEVS/CS combin-
ed model, a modeler needs to take the following steps. First, a modeler should identify events in the
CS and transform the states of the CS into the DES. Second, a moduler employs the formalism to
specify the system as the DES. Finally, a moduler developes sub-models for the CS and continguos
states of the DES and establishs one-to-one correspondence between the sub-models and such states.

The proposed formal structre has been applied to develop a DEVS/CS combined model for the hu-
man cardiovascular system. For this, the cardiac cycle is partitioned into a set of phases based on
events identified through observation. For each phase, a CS model has been developed and associated
with the phase. To validate the DEVS/CS combined model developed, then simulate the model in the
DEVSIM + + environment, which is a model simulation results with the results obtained from the CS
model simulation using SPICE.

The comparison shows that the DEVS/CS combined model adequately represents dynamics of the
human heart system at each phase of cardiac cycle.

Key words : DEVS/CS combined model, Formalism, Framework, Atomic/Coupled model
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Fig 1. The events of the cardiac cycle, showing changes in
the left atrial pressure, left ventricular pressure, aortic press-
ure, ventricular volume, the electrocardiogram, and the phon-
ocardiogram during one cardiac cycle.
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Fig. 2. CS circuit model for closed loop cardiovascular sys-
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Table 1. parameter of cardiovascular system
shebuje} o) ) shejele} o) 5]

LVIF Left ventricle input flow RVIF Right ventricle input flow

LVOF Right ventricle input flow RVOF Left ventricle output flow

Daov Aortic Valve, Drv Tricuspid Valve

Drev Pulmonary Artery Valve Dwmv Mitral Valve

Puat Left Atrial Pressure Prv Left Ventricle Pressure

Ps Aortic Pressure Psv Arterial Pressure

Prat Right Atrial Pressure Prv Right Ventricle Pressure

Pra Pul. Artery Pressure Pev Pul. Arterial Pressure

Qs Arterial Blood Flow Qsvs Systemic Venous Blood Flow

Qr Pul. Arterial Blood Flow Qsve Pulmonary Venous Blood Flow

Rmv Mitral Impedance RL Aorta Impedance

Rao Aortic Valve Resistance Rs Arterial Blood Column Resistance,

Rsv Systemic Peripheral Resistance Rrv Tricuspidal Impedance

Rr Pulmonary Artery Impedance Rev Pulmonary Artery Valve Resistance

Rr Pulmonary blood column Resistance Rep Pulmonary Peripheral Resistance

Crar Distal Pulmonary Venous Capacitance Crv Left Ventricle Compliance

Cs Proximal Arterial Capacitance Csv Distal Arterial Capacitance

Crat Distal Venous Capacitance, Cry Right Ventricle Compliance

Crur Proximal Pulmonary Artery Capacitance Crv Distal Pulmonary Artery Capacitance

Ls Arterial Blood Column Inertia, Lsv Atrial Blood Column Inertia

Le Pulmanary Artery Blood Column Inertia Lep Pulmanary Venous Blood Column Inertia

ULa Left Atrial Volume Uwv Left Ventricle Volume

Ura Right Atrial Volume Urv Right Ventricle Volume
o slzsted, CSolA ol o 2 WS AAES A (D) CS ATl B3Y 4ej S-S DEVS )33
sto AAZE (event liso] 2% AMo] (phase tran- 2.2 AMAFEEY] 97 AR FHo) S ehd Holx, 11
sition)& Fastelch. CSol A AAES Aal7 $atod %3@PJVP4Ha°ﬂHMCPﬂ1%%Wﬂw%
DEVS &4 ZellA AFg Aa #7324 9 (A-3)S o A71A ad 309 ARde]l tielejmalel AbA

o] WP & AHE-3l= ol fr= A A 7]l U’
A 5 WAL A A3 Y e
o, AR E-E o] &8t AA 7]15& el DEVS &
ATES 78 ¢ gla, 2ela AF7 4] AFRe) s}
o) AHAt A ol A 2] A o] 9} F3kE] 7] o Fo]c}.

2% 19 7 YT oA YA 4 43 et
We el A" mese] Aol 4EE, 22l
Adolstd 19 33} 7o Vb = gk ¥ 3(a)e F
Moz wstehe A1) 4 Hah Al A F23 9
vlE A AHEe HolE waAste] T e F
ASP (atrial systole phase),
phase), EPI1(rapid ejection phase), EP2(reduce ejection

Abgshsich
AYAEL

ICP (isovolumic contraction

phase), IRP (isovolumic relaxation phase), FPI (rapid fill-
ing phase), FP2(reduce filling phase)52] F&o|w, z} A}
e8] Hol= A ES] Aol o3l o] Fof 2} 27 3

(start-AS, etc.)E-2 X 20 A oJs}dict

3. MEIA|AE|C| DEVS/CS 8|2 224

E =il A8 ar] 28 e CS 292 DEVS/CS &
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TASE 708 Aol dgale AR A3 Fed
A tatdct. dcdtol Ao A7) 32 2L A &Fho)| A 9}
frAkel7] w 2ol A3t A7) 32 wdut J st} A
3ol 4] ASPol| g Al Y A 19 4(a)9] 32 A
4 wd 3% 5= glc) §-4ksHA] ICP, EPI, EP2, IRP, FPI,
FP2 AHEel g AEAX 2 32 25 18 4
(b), 4(c), 4(d), 4(e)¢} 2 F 2L wd3ld 4 g}

o] o] FHH KRS o]&sle] 27 3o o3
BolE AR 2" o] o]AMPAE-S B3sla, 7} o) AkAL
Aoll &3k AER A% Y 2D E a8 1 7+ Ao
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[a]:fhte:tnnsiﬁon Time
Phase A
Icp _
EP2 R S
IRP
FP1 R O RO s -
{b} phase partition Time

a7 3. OILHARM Ctolo|a2 (a) AEHEOI, (b) &2

start-EFF

) phasc wansition disgram

28, (c¢) &0l ctojo{a

Fig 3. Discrete event diagram (a) state transition, (b) phase partltion, (c) phase transition diagram.
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TE% Mre)

Fig 4. Electrical circuit sub-models of the Cardiovascular
system in systemic circulation

(a) CS Masr sub-model, (b) CS Mice sub-model, (c) CS Mer
sub-model, (d) CS Mire sub-model, (e) CS Mrr sub-model.
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Ald x| A=l ] DEVS/CS 324 S
913le] DEVS 32 &%
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AT HE39 Al Ed o] At oS3 3. A
sl AlgAA A" olhl2 7 Rel-S SPICEE Al4-3}ed
Algdel A& 33 A Vel 570 33 (5 =gt
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g F FHAA HA T Ao A FHol & dodE 9y
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FP2)5 2 &3t 7385 A5 72 338 A E
T8, 7 s A5 A& Vel ghEka g A
Blo] o) 58 o]ty AGFrE Tl AT
Y o3 £ Y 3] o el A 3l o 76
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2 FHA H A =5 vepl & oA Seln, g1y o)d}
AEL FAA A A A4 2HAEE Yehl e
t}a}A] Folc}. wpehi 74 s 7t *&% c}akA] & o] 435
of z} Al AYReE FIlaL o] 5 A EE (event
list)el] A} A3tk .-; o) ¥y A, ﬂ—rzdowf,
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Table 2. Discrete Event Partitoning for the Heart

AAZ AEH A% 2|29 2

Event Type Conditions Phase Model Sympton State Range
Ps :increasing 4<PLv<15mmHg
wioas |1 PD”<_ PLar<Ps asp | ae, | Pran Puve increasing & | 80<Ps<100mmHg
star DMV 'f)‘;en | decreasing 4<Prar<15mmHg
rov-close 0<1:<0.15
Piar< Prv<Ps Puv: rapid .mcreasm g §<PLv<100mmHg
S . Micr Ps: decreasing 80<Ps<100mmHg
start-VS Dwmv: close 1Cp ) .
Daov:clo Puat:increasing 4<Prar<15mmHg
nov-close 0.15<6:<0.21
PLar<Ps<Prv Ps, Puv:increasing 90<PLv<140mmHg
start-E1 S Dwv: close EPI Meet Prat :.decreasing & in- | 90<Ps<140mmHg
Daov:open creasing 6<Prar<20mmHg
0.21<1.<0.32
Puat<Ps<Prv PLv:decreasing 90<PLv<140mmHg
Dwmv: close Mer2 Ps:decreasing 90<Ps<140mmHg
tart- EP2
start-EJ2 S Daov: open PLaTincreasing 6<Puar<20mmHg
0.32<t.<0.49
PLat<Puv<Ps Puv: decreasing 10<Pv<100mmHg
Dwmv: open Ps:increasing & decreas- | 90<Ps<110mmHg
- IRP M .
start-VR S Daov: close e ing 8§<Puar< 20mmHg
Puat:increasing 0.32<1.<0.49
PLv<Pratr<Ps Puv:decreasing & in- | 2<Puv< 10mmHg
Dwv: open creasing 80<Ps<110mmHg
- FPI1 M
start-RPE S Daov:close ™ Ps: decreasing 2<Puar<15mmHg
Prat:decreasing & in- 0.49<1.<0.55
creasing
PLv<Prat<Ps Puv:increasing 2<Puwv<15mmHg
Dwv: open Ps:decreasing 80<Ps<100mmHg
- FP2 M .
start-RDF 8 Daov : close e Piatiincreasing & dec- | 2<Prar< 8mmHg
reasing 0.66<1.<0.86
) start-AS : Atrial Systole Event, start-VS: Ventricle Systole Event,

start-EJ1 : Rapid Ejection Event,
start-VR : Ventricle Relaxation Event,
start-RDF : Reduce Filling Event,

Hol g w33le] Y-S 73} o]2idt A & 7hehstA
el &= Al " @A) 4w o] DEVS/CS £§ 290 B21lo]
o] 1a-& 18 59 el 17 544 Atomic EFRAL
GENR, HEART, 28] 2 TRAND®] %, Coupled E%24
2 SIM_HEARTe]|t}.

1% 5ol AJA1E Atomic EFRL S 75 oh-g7 7
t}. Atomic £32% GENRE UA 3 F7|2 TRANDZ
e Al 823 Ak 24 2] dlolelE gl te} A -
A1Al qt#d 9] "ol e}lS A A (generation)dle] HEARTZ X
Ak o)A AR Frle AR FU/AEH F7)(.

start-EJ2 : Reduce Ejection Event,
start-RPF : Rapid Filling Event,

86/229)& 2|u| g}, 7rok Atomic 32 ¥ GENRS] 93
©t2} (input port) “STOP"oll 4137} =dsbd dlo]e} A
4 Z9shA] Fc) Atomic £829 TRANDE A& o 4]
99 A5 g, A o, ez A4 43 9] d)o)
55 Y wol AAstA Y e t)AEH o] e}, gt
ef Al EH ol A& B A} & A Follv ¥ EA “out" 2
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¥ 3. AMEA|AES| DEVS/CS Atomic £t E2] A
Table 3. DEVS/CS Atomic model specification of Heart Sys-
tem

Mcom=<X, S, Y, dint, dext , A, ta, fc, CM>
X={pressure | pressure € {a, 20}};
Y={p | Piv € Ro",
¥ € {ASP, ICP, EPI, EP2, IRP, FPI, FP2};
p € {a, 140};
Sex ((a, 3, p), €, pressure):
case condition : 4<PLv<15, 80<Ps< 100, 4<PLar<15, 0<
1.<<0.15(p + ASP;)
case condition : 8<PLv< 100, 80<PS< 100, 4<PLar<15,
15<1.<0.21 (3 «— ICP;)
90<PLv<140, 90<Ps<140, 6<PLar<20,
0.21 <ta<0.32(p « EPI3)
90<PLv<140, 90<Ps<140, 6<Puar<20,
0.32<t.<0.49 (pp — EP23)
case condition : 10<PLv<100, 90<Ps<110, 8<PLar<20,
0.49<1.<0.55(p « IRP;)
case condition : 2<PLv<10, 80<Ps<110, 2<PrLar< 15,
0.55<1t.<0.66 (p «— FP1;)
case condition : 2<PLv<15, 80<Ps<100, 2<PLar<8,
0.66 <1.<0.86 (p «—— FP2:)
Lo p. P +—p;
te((6. ¢. P)) ~—o0;
fc : case phase of ASP : fo = Masp ;

case condition :

case condition :

ICP : fc = Mice ;
EPI : fc = Me»pi ;
EP2 : fi = Mem ;
IRP : fc = Mirp ;
FP1 : fo = Mrei
FP2 : fc = Men2 ;

CM : { Masp, Mice, Mer1, Mer2, Mire, Mrp1, Mep2,}

Atomic E§E2® HEARTS Ad (state)S F Ao A4
(phase)2-2 &, A 13 4 28 &%tk A 12 oA
“ASP", “ICP”, “EPl1”, “EP2”, “IRP”, “FPl”, 18l
“FP2" 2 F-#= 1, 4 2+= w4 A] “SEND”2} “PASSIVE”
2 79 714 A 12 A EEe] A9 At we)
HA|7Ic}, & ASP+= 0 < sim_time<0.15, ICPE 0.15 < sim
time<<0.21, EPI-& 0.21 <sim_time<0.32, EP2+ 032 <
sim_time<<0.49, IRPx 0.49 < sim_time<0.55, FP1-2- 0.55
< sim_time<0.66, 18]3L FP2+ 0.66 < sim_time<0.86
o2 773} Atomic £ 29 HEARTS £4& o
F o] Abell e3te] zhzhe] A djh4= (transfer function)ol]
JdE dlojelg F3l] 73tk 94714 Atomic 2
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Fig. 5. DEVS/CS Combined model block diagram of the Car-
diovascular system.
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Fig. 6. The result waveform applied to DEVS/CS combined
model simulation of the Cardiovascular system, (a) Pressure
waveform of Aorta, Left Ventricle, Left Atrium (b) Volume wav-
eform of the Left Ventricle, Atrium.
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