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Abstract: This paper proposes the application of a complex-
ity metric to Discrete Events Systems. Two case studies are
presented: i) a distribution center problem and ii) a hospital
emergency center problem, modeled in terms of entities, re-
sources, and queues. From the simulation of scenarios with
different combinations of the number of resources, the com-
plexity is calculated based on the system’s active connec-
tions. The obtained results show the relationship between
complexity, the number of resources and the queue waiting
time. Complexity behavior is intrinsically related to the use
of more sensitive resource systems..
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1. INTRODUCTION

Radical changes in the structure and dynamics of the of
the human civilization are marks of the complexity increase.
In response to the challenges arising from the relationship
with the environment, the system’s separate parts, whose be-
havior are independent and partially correlated, unite to per-
form complex collective actions [1].

The system’s behavior in time can be investigated in or-
der to verify regularities, relations, hierarchy, among other
features. In many systems, is found a high variability in its
parameters, a characteristic that defines them as complex for
Per Bak [3]. Simulations using Discrete Event System The-
ory, contribute to check how the modeled systems behave
when some event occurs.

In physical, biological and social systems out of bal-

ance, the system’s behavior is preserved by the flux of en-
ergy, where entities require resources from the environment
for their survival [1]. Similarly, Discrete Event Systems are
modeled in terms of entities, resources, and queues. Queues,
when present, usually indicate entities’ demand for resources
[7].

In order to define how complex a given system is, var-
ious metrics have been developed in relation to the degree
of: i) difficulty of description, ii) difficulty of conception or
iii) organization. These metrics are based on the systems’ di-
mension, entropy, hierarchy, organization, among other crite-
ria [6]. When calculating complexity, one usually desires to
obtain numerical values that serve to compare different con-
figurations of the same system or similar systems. Therefore,
the complexity measure is dimensionless [8].

To measure the systems complexity, Lemes [10] fits the
entropy metric in information exchange defined by Shannon
[9] based on Statistical Mechanics studies. The proposed
methodology in this paper is based on Lemes’ modeling [10]
to measure the complexity of real systems, however focusing
on system connections.

The complexity metric is applied to two systems: i) a
Distribution Center and ii) a Hospital Emergency Center.
The Center Distribution problem consists of a delivery lo-
gistics, modeled in terms of entities (requests), queues and
resources (docks, trucks, chargers) [7]. The Hospital Emer-
gency Center problem consists of the initial care to patients
(entities) with health problems, performed by doctors, nurses
and examination employees (resources), possibly generating
queues during the process steps of: i) medical appointment,



ii) medication and iii) exams.

The purpose of this work is to apply a complexity met-
ric based on connections to Discrete Event Systems. Sec-
tion 2 shows the proposed methodology, followed by Section
3, where the results are showed. Finally, Section 4 presents
some conclusions on the topic.

2. PROPOSED METHODOLOGY
2.1. Complexity Metric

Based on Lemes’ modeling [10], the proposed method
measures real systems’ complexities, considering the active
connections at a certain time ¢. These connections are ex-
pressed by the matrix of relationship M among entities, re-
sources, and queues, which are used to calculate the com-
plexity «y(s) of any system by expressions (1) and (2).
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where e is the number of entities that each resource can at-
tend, n, is the number of resources, n, is the number of
queues, p(c); is the probability of occurrence of connection
i and p is the number of active connections at the moment ¢,
expressed by (3).
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where k is the number of entity states, n.; is the number
of active connections per entity at j* state and Ne, is the
number of entities at j*" state.

2.2. Distribution Center Model

The Distribution Center receives requests to transport to
the recipient. So the delivery time ¢, of each request matches
the sum of: i) waiting time in queue ¢, _, ii) loading time ¢,
and iii) transportation time between the Distribution Center
and the receiver ¢,.,. For this case study, the delivery time ¢4
is considered as the performance metric.

The complexity measure is calculated by expression (1).
The number of active connections p of the Distribution Cen-
ter is mapped based on states: i) queued, ii) loading and iii)
traveling. The number of active connections is determined
by (3), and each request in queue adds one connection to
the system (connected to the next request), each request be-
ing loaded adds three connections (one to the dock, one to
the truck and one to a loaders team) and each request being
transported adds one system connection (to the truck).

The likelihood of a connection in the Distribution Center
Problem is given by the expression (2). Considering that each
entity (request) can be attended by any system resource, the
number of entities e that each resource can attend is equal to
the total number of requests in the system at the time ¢.

Considering a configuration of 5 requests with 1 dock, 2
trucks and 1 group of loaders, at some moment ¢ of the sys-
tem, a relationship matrix M can be created, expressed by
(4), where the columns represent the requests, Ry to Rs5, and
the lines represent the queue ()) and the resources: dock
(D), trucks (17 and T%) and group of loaders (G), respec-
tively.
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In (4), it is verified that the request R is being transported
by truck 75, the request R is being loaded by group of load-
ers G to truck 73 parked at dock D and requests R3, R4 and
R5 are waiting in queue. It is emphasized that the number of
active connections can be computed from matrix M.

2.3. Hospital Emergency Center Model

The Hospital Emergency Center consists of the processes
of medical care and basic procedures until the patient hos-
pitalization or discharging from the hospital. The patients
are modeled as system entities and the doctors, nurses and
examination employees are modeled as available resources.

During the initial care process, queues can be formed by
the following steps: i) medical appointment, ii) medication
and iii) exams. In this case study, the time ¢, between a pa-
tient’s arrival and their discharge or hospitalization is adopted
as the performance measure.

The complexity measure is calculated by expression (1).
The number of active connections p of Hospital Emergency
Center are mapped based on states i) waiting in queue, ii) on
medical consultation, iii) receiving medication and iv) do-
ing exams. The number of active connections is determined
by (3) and each patient adds just one system connection, no
matter which state they are in. Patients in queue connect to
the patients in front of them, patients in medical consultation
connect to one doctor, patients receiving medication connect
to one nurse, and patients doing exams connect to one exam-
ination employee.

The connection likelihood in the Hospital Emergency
Center is given by expression (2), where the number of enti-
ties e that each resource can attend is equal to the total num-
ber of patients in the system at the moment ¢, considering
that each entity (patient) can be attended by any system re-
source. Therefore, e is the sum of the entities (patients) in
each state. The number of resources n, is equal to the sum
of the number of doctors, nurses, and examination employ-
ees. The number of queues n, is equal to four, i.e, i) queue
for medical consultation on arrival @1, ii) queue for medi-
cation ()2, iii) queue for examination ()3 and iv) queue for
medical consultation on return after basic procedures Q4.

Considering a configuration of 7 patients, 2 doctors, 2
nurses and 1 examination employee, the relationships are
represented in matrix M (5). Each column represents each



patient, from P; to Py, and the lines represent the queues
(from Q1 to Q4) and the resources: doctors (C; e C5), nurses
(N1 e N3) and examination employee (£1), in this order.
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In (5), it is verified that patient P; is doing exam with the
employee E, patients P, and Py are receiving medication
by nurses N7 and N», patient P5 is waiting in queue Q3 to
be examined, P, e P; are consulting with doctors C; and
Cs, and P is waiting in queue (J; to get a medical consulta-
tion. The number of active connections in the system can be
computed from matrix M.

3. RESULTS
3.1. Case Study 1: Distribution Center

Distribution Center model, presented in Section 2.2, was
simulated with the following dynamics: 1) the arrival of re-
quests occur at time intervals ¢1; 2) loading of each truck
lasts a time interval ¢5; 3) when a truck leaves for delivery,
the dock and the group of loaders are released for new load-
ing; 4) transporting each request to the destination lasts a
time interval t3; 5) after delivery the empty truck returns to
the distribution center at a time t4.

Time ¢; was generated from an exponential distribution,
with a mean rate of 120 minutes. Time {2 was generated from
a normal distribution with mean of 100 minutes and standard
deviation of 30 minutes. Times t3 and t4 were generated
following a uniform distribution within the range of 120 to
240 minutes.

The number of docks, trucks and groups of loaders used
in the simulation ranged between 1 to 10, 1 to 15 and 1 to
10, respectively, therefore featuring 1, 500 different scenar-
ios. The simulation was performed with 180 days for each
scenario, considering 24 daily hours of operation and every
truck being loaded with only one request at a time.

Figure 1 shows that the complexity y(d) (in red) has oscil-
lations that follow the shape of the truck utilization curve (in
green), i.e. the scenarios that contain peaks of truck utiliza-
tion coincide with the scenarios that present peaks of com-
plexity. However, the peaks of complexity in the first 700
scenarios range from 0.5 to 1.0 while in the following sce-
narios they range from 0.3 to 0.5, due to the high amount of
available resources and therefore fewer queues.

It can be observed from Figure 1 that the utilization of
the truck resources (in green) does not change with the in-
crease in the number of docks (in blue) or groups of loaders

(in gray).
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Figure 1 — Relation between the use of resources and complexity
for the Distribution Center

3.2. Case Study 2: Hospital Emergency Center

The model of the Hospital Emergency Center presented in
Section 2.3 was simulated with the following procedure flow:
1) the patients arrive at the Emergency Center in time inter-
vals t5; 2) patients wait in queue (); for medical assistance;
3) patients get the medical appointment for a time interval
te; 4) after the appointment, 1% of patients are released and
99% are forwarded to 5) perform basic procedures, wherein
6) 40% of patients wait in queue 5 for a period of time ¢
in order to receive medication and 7) 60% of patients wait
in queue ()3 for exams that last time tg; 8) after medication
or exams, 10% of patients are released, 40%, perform new
tests or take more medication, returning to step 5, and 50%,
wait in queue (4 to return to the doctor, while a new assis-
tance is conducted for a time interval tg; 9) after a new med-
ical appointment, 40% of patients are directed to further ex-
ams/medication, returning to step 5, and the other 60% leave
the system, 40% being hospitalized and 20% being released.

Time t5 was generated from an exponential distribution
with an average rate of 5 minutes. Times tg, t7, tg and g
were generated from normal distributions with means of 15,
20, 15 and 10 minutes, respectively, and standard deviation
of 5 minutes.

The number of doctors, examination employees and
nurses used in the simulation ranged from 3 to 8, 2 to 10
and 5 to 15, respectively, featuring therefore 594 different
scenarios. The simulation was performed for 180 days for
each scenario, considering 24 daily hours of operation. Time
in minutes spent in the Emergency Center ¢,, and complex-
ity v(p) of the system were calculated in the 594 simulated
scenarios.

The smallest complexity obtained from all scenarios,
~v(p) = 0.2407, occurred with the maximum number of re-
sources, i.e., 8 doctors, 15 nurses and 10 examination em-
ployees. The largest complexity, v(p) = 0.8105, occurred
when there was the minimum number of resources, i.e., 3
doctors, 5 nurses and 2 exam employees, accordingly more
patients waiting in queues. Figure 2 shows that the small-
est complexity is obtained at the last scenario and the largest



complexity, at the first scenario.

Figure 2 presents the percentage values of resource uti-
lization and the measure of normalized complexity for all
simulated scenarios. It can be observed that in the 200 initial
scenarios, where there were less than 5 doctors, the utiliza-
tion of this resource had values between 0.9 and 1. The com-
plexity values were lower when there were more resources,
and the peaks of complexity occured whenever the number
of doctors was increased, but there was a minimum number
of nurses and examination employees, increasing the size of
the queues ()2 and Q3.
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Figure 2 — Relation between resource utilization and complexity
for the Hospital Emergency Center

In the scenario with the smallest complexity, the aver-
age time ?,, that patients were in Hospital Emergency Center
was approximately 14.9, 58.7, 71.13 and 74.07 minutes for
those who left: 1) without examination or medication, 2) af-
ter being examined and/or taking medication, 3) after a new
medical appointment and 4) for hospitalization, respectively.
For the scenario with the largest complexity, the times were
774.68,1032.20, 1191.25 and 1128.28 minutes, respectively,
due the queuing time.

4. CONCLUSION

This paper has presented a methodology for the calcula-
tion of systems’ complexity based on existing active connec-
tions between its elements. In the problem of the Distribu-
tion Center, the measure of complexity associated with the
resource utilization rate pointed the amount of trucks as the
most sensitive parameter of the system. In the problem of the
Hospital Emergency Center, it was found that the complexity
decreases as the availability of resources increases, because
with more resources patient care occurs with less time, re-
sulting in less queuing.
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