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E-commerce emerged as consequence of electronic transactions developed on 60’s, but real boom was
observed during 90’s along with Internet common use. Complexity sciences approach has several
advantages for e-Commerce study. This study addresses the need for modelling and simulation (M&S) of
e-commerce supply chain as complex adaptive system (CAS) but with a novel application in the field of
hybrid M&S, integrating top-down and bottom-up approaches using synthetic microanalysis, to perform
simulation experiments to find natural emergent properties at certain levels as result of the interactions
between the constituent parts, so far lacking in the scientific literature. Although previous researchers
conducted simulation studies into the e-commerce supply chain as CAS, they all focused on applying
agent-based simulation approach only. First, we conduct the literature review on main features of CAS,
M&S of CAS as well as the e-commerce supply chain conceptualized as CAS and their modelling and
simulation evolution. Second, we present a novel hybrid M&S methodology for integrating top-down and
bottom-up approaches using synthetic microanalysis. Then, we applied the methodology to an
omnichannel retail business case study. Finally, our concluding remark and future work are drawn. The
novel methodology proved to be useful for anticipate business decisions on e-commerce supply chain.

Povzetek: Ta Studija s pomocjo hibridne metodologije obravnava potrebo po modeliranju in simulaciji e-
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poslovne dobavne verige kot kompleksnega prilagodljivega sistema.

1 Introduction

Seminal contributions have been made on Complex
Adaptive Systems (CAS) by pioneer researchers as
Buckley [1], Holland [2] and Gell-Mann [3]. CAS term
was first introduced by Walter Buckley in 1968 to
describe a system whose elements or components are
directly or indirectly related in a causal network, such that
at least some of the components are related to others at
any one time, the interrelations may be mutual or
unidirectional, linear, non-linear or intermittent, and
varying in degrees of causal efficacy or priority. In [4]
three characteristics of CAS are proposed: evolution,
aggregate behavior, and anticipation. After that, in [5]
one extra characteristic of CAS is added: hierarchical
arrangements of boundaries and signals. It is important
to note that CAS form and use internal models to
anticipate the future, basing current actions on expected
outcomes, in fact it is the attribute that distinguishes CAS
from other kinds of complex systems and makes the
emergent behavior of CAS intricate and difficult to
understand [6]. Previous studies presented on [7, 8] have
almost exclusively focused on one M&S approach to
study CAS. However, hybrid modelling which extends
the M&S discipline by combining research approaches,
methods, techniques, and tools from across disciplines [9]
to one or more stages of a simulation study, still is

limited. In the literature review we found contributions
only in the domain of defense [11].
On the other hand, e-commerce emerged as a
consequence of electronic transactions developed on
60’s, but real boom was observed during 90°s along with
Internet common use. Previously, catalogue sales already
offered products and services on home delivery, but every
transaction must be done by a presential visit or at least
using a printed document. Complexity sciences approach
has several advantages for e-commerce study, beside the
understanding of patterns and behavior of main actors
from the point of view of companies, it is also useful for
customer understanding and specific patterns that will
follow to choose their products or services offered online.
Supply chain has been conceptualized as a CAS by
many authors [11 — 17]. The traditional tools used in the
study of the supply chain as CAS are the following:
System Dynamics (SD), Agent Based Modelling
Simulation (ABMS), Dynamic Systems Theory,
Observation Data-Based Models, Dynamic Networks,
Ordinary Differential equations (ODE), Difference
equations and Partial Differential equations (PDE),
Cellular Automata, Evolutionary Game Theory (EGT),
and Fractional Calculus. In the field of simulation, the
implementation of models based on top-down approach,
which is used to provide holistic perspective by synthetic
microanalysis, the SD is preferred. While implementing
models based on bottom-up approach, that is a deductive
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perspective, the Discrete-Event Simulation (DES) and
ABMS. Combining two or more of the following methods:
SD, DES, and ABMS, has experienced near-exponential
growth in popularity in past two decades [18]. In the
domain of supply chain, but not from the CAS perspective,
we found contributions by [19, 20] using two or more
simulation approaches. More recently, in [21] DES and
ABMS are combined with heuristics to govern train
movements destination selection, incorporating an
ensemble of simulation runs. In [22] SD, DES and ABMS
are applied to an aerospace manufacturer’s real case to
assess the sustainability performance of alternative supply
chain.

This study addresses the need for modelling and
simulation of e-commerce supply chain as CAS but with
a novel application in the field of hybrid M&S, integrating
top-down and bottom-up approaches using synthetic
microanalysis, to perform simulation experiments to find
natural emergent properties at certain levels as result of the
interactions between the constituent parts, so far lacking
in the scientific literature. Although previous researchers
conducted simulation studies into the e-commerce supply
chain as CAS, they all focused on applying agent-based
simulation approach only.

Supply chain problem has been addressed with
several approaches, that’s why in [15] and [17] stands out
the need for novel methods that includes tools based on
complex systems approach. The dynamic of the market
due to growth in internet use and changes of purchasing
habits have led the supply chain professionals to find
better methods. According to [32] global e- commerce
went from 15% of total retail sales in 2019 to 21% and
now is estimated 22% so to be focused on interactions,
dynamics and emergent patterns of the systems could
bring us better solutions in a different point of view. Static
supply network designs can help with localization
problems but to solve everyday companies’ issues is
getting more complex and in consequence more
specialized to solve.

The rest of the paper is organized as follows: Section
2 describes the literature review on main features of CAS,
M&S of CAS as well as the e-commerce supply chain
conceptualized as CAS. Section 3 present a novel hybrid
M&S methodology for integrating top-down and bottom-
up approaches using synthetic microanalysis, of an e-
commerce supply chain to perform simulation
experiments to find natural emergent properties at certain
levels, as result of the interactions between the constituent
parts. Section 4 presents an omnichannel retail business
case study. Concluding remark and future work are

presented in Section 5.
. 3. Hybrid
2. Literature
" novel M&S 4. Study Case
methodology - M

Diagram 1: Paper organization

A. Nilaetal.

2 Literature review

2.1 Complex adaptive systems

Complex adaptive systems (CAS) term was first
introduced by Walter Buckley in 1968. In his publication
named Society as a complex adaptative system. Buckley
[1] defined a system in general as a complex of elements
or components directly or indirectly related in a causal
network, such that at least some of the components are
related to some others at any one time, the interrelations
may be mutual or unidirectional, linear, non-linear, and
varying in degrees of causal efficacy or priority. As
Buckley [1] added, persistence or continuity of an
adaptive system may require, as a necessary condition,
change in its structure, the degree of change being a
complex function of the internal state of the system, the
state of its relevant environment, and the nature of the
interchange between the two. From the cybernetic point
of view [23], CAS are complex effectors organized and
self-regulated to subtract themselves or one of their
effects, within certain limits, from contingency, from
increased entropy, or from both [24]. The cybernetic
perspective of control or self-regulation of adaptive
systems emphasizes the crucial role of deviation, seen in
both negative and positive aspects: on the negative side,
certain kinds of deviations of aspects of the system from
its given structural state may be seen as negative feedback,
while on the positive side, it is necessary the deviation or
more generally, variety — in providing a pool of potential
new transformations of process or structure that the
adaptive systems might adopt in responding to goal-
mismatch [1]. Another pioneer of CAS research was Prof.
John Henry Holland whose seminal work on adaptation in
natural and artificial systems [2] leading to the creation of
genetic algorithms and eventually the fields of
evolutionary computation [4] and learning classifier
systems [25].

The models to understand CAS consider the rule-based
structure that lets the evolutionary procedures that enable
the system to adapt to its surroundings. As noted by [6],
most rules can be parsed into simple condition/action
rules:

IF [condition true]
then execute
[action]

On the other hand, the following are recognized in [3]
as the general characteristics of a CAS, mainly related to
data and information:

a) Its experience can be thought of as a set of input
and output data, with the inputs often including
system behavior and the outputs often including
effects on the system.

b) The system identifies perceived regularities of
certain kinds on the experience, even though
sometimes regularities of those kinds are random
features misidentified as regularities.
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c) The perceived regularities are compressed into
schema. Each schema provides, in its own way,
some combination of description, prediction, and
prescriptions for action.

d) The results obtained by a schema in the real world
then feedback to affect its standing with respect to
the other schemata with which it is in competition.

2.2 Modelling and simulation of CAS

In recent decades, CAS are at the heart of important
contemporary problems, so the research methods and tools
need to be modified with an emphasis on the role of
computer-based models to increase our understanding of
CAS [26]. In this direction, the purpose of modelling and
simulation (M&S) of CAS is to find the macro and micro
mechanisms behind the evolution, aggregate behavior,
anticipation and hierarchical arrangements of boundaries
and signals of CAS.

The top-down approach is used to provide holistic
perspective by synthetic microanalysis, in which
experiments are performed to find natural emergent
properties and delineate macroscopic phenomena with
systemic concepts [27]. Once the system structures have
been observed based on top-down perspective and the
bottom has been reached, we need to analyze them in
terms of the laws on their constituent parts combined with
suitable idealization and approximation at the micro level,
at this point, the bottom-up approach is a deductive
perspective, in which experiments are performed to find
natural emergent properties at certain levels as a result of
the interactions between the constituent parts [27].

2.3 E-commerce supply chain conceptualized

as CAS
In the literature, supply chain has been conceptualized as
a CAS by many authors [11, 15, 17, 28-36]. In this
direction, supply chain is constituted by large number of
agents that interact in a non-linear way, could evolve,
learn, and be resilient to their environment. Also, its
structure and collaboration mechanism evolve over time
[14]. Considering the cybernetics point of view, Figure 1
shows the receptors or sensors, the processor or
homeostatic controller and the effectors of a supply chain
conceptualized as CAS.

Following the main characteristics of CAS, the
constituent parts of a supply chain could be facilities,
people, equipment, and communications involved in a
supply chain or logistics network. Supply chain networks
presents nonlinear behavior on products distribution,
where the number of vehicles is not proportional to the
number of products because of product volume, weight
and even restrictions for destination traveling, that’s why
behavior would not be modeled with a first order equation,
without assuming or forgetting essential system
properties.
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Figure 1: Supply chain conceptualized as CAS.

On supply chain management and in business in
general is normal to concentrate investment only in certain
separated areas and outcome it is that constituent’s effort
does not contribute adequately on system desired results.
Other important property to address is that complex
systems are not controlled at a central level. Most of the
time, system constituents do only have communication
with nearest or adjacent peers, this communication and
interactions trigger emergent behavior at system level.
Supply chain systems and logistics systems had been
trying for years to create a single communication and
management system using ERP (enterprise resource
planning), this central software application have proved to
help on complexity reduction, but interaction and
decisions made by single constituents are always present
unleashing emerging patterns that must be taken into
consideration. That is why supply chain elements or
agents that compose supply chain would not always check
every possibility to make every decision. In a better way,
every agent evaluates the result of certain action and the
repeat successful one with the objective to evolve or
improve its complex system.

In order to identify the recent trends in the literature on
the application of the CAS approach in the study of e-
commerce supply chain, a bibliometric analysis was
carried out using the VOSviewer™ software, which is a
software tool focused on the distance-based visualization
of bibliometric networks. In the visualizations provided by
VOSviewer™ software, the distance between two nodes
indicates the relatedness of the nodes [38].

We search on SCOPUS database the relevant papers
with keywords e-commerce AND complex adaptive
systems. From the results, we observed that in general,
CAS approach is related to supply chain and e-commerce
by their modeling tools or analysis algorithms. Figure 2
shows the interrelations found in the literature of e-
commerce and CAS and agent-based modelling. Figure 3
shows the interrelations between supply chain
management and e-commerce. These two subjects are
always connected because of their symbiotic nature but it
can be highlighted that complexity properties like self-
organization along with complexity solutions including
evolution models come in to light.
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Figure 2: VOSviewer™ software visualization of
the keywords network.
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Figure 3: VOSviewer™ software visualization of
the keywords network, showing the interactions
between e-commerce and supply chain management.

Figure 4 indicates that in recent years CAS approach
on e-commerce supply chain using agent-based models is
a trend to confront everyday challenges of modeling and
simulating e-commerce process. The topic supply chain
management is strongly related to e-commerce of
manufacturing systems, agent-based modelling also is
used and selected as a tool to continue further
investigation. Additionally, Figure 5 demonstrate that
interdisciplinary is also included in this concept for
multiple solutions.
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Figure 4: VOSviewer™ software visualization of the
keywords network, showing the interactions among
agent-based modelling, e-commerce and complex
adaptive systems.
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Figure 5: VOSviewer™ software visualization of the

keywords network, showing the interactions among

agent-based modelling, supply chain complexity, e-
commerce and supply chain management.

2.4 Modelling and simulation (M&S) of
supply chain as CAS

Supply chain problems have been addressed and
confronted by different methods, but we put special
attention on recognizing enough ones who helped us to
maintain. The following tools act as an alternative to
deterministic optimization static models to modelling and
simulation of supply chain as CAS [15]:

Simulation (SD and ABMS)
Dynamic systems theory
Observation data-based models
Dynamic networks

There are other methods for logistics systems
modelling using a complex system approach [35], analytic
method proposed by [38], game theory presented in the
work of [39], dynamic systems proposed in the work of
[40]. On the same way, managers look for new ideas for
developing collaborated and synchronized network
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structures, these networks must adapt to flexible and
dynamic environments [14].

3 A novel hybrid M&S methodology
based on synthetic microanalysis

In this section, we present a novel methodology for
integrating top-down and bottom-up approaches using
synthetic microanalysis, of an e-commerce supply chain
to perform simulation experiments to find natural
emergent properties at certain levels as result of the
interactions between the constituent parts. The conceptual
modeling and communication hybrid simulation phases
are based on [41] using complexity sciences tools. Our
main contribution is to adapt recognized knowledge for a
complex adaptative e-commerce supply chain. On every
phase, advantages of hybrid M&S and CAS approach are
described and highlighted.

3.1 Phase 1: conceptual modelling

On this phase, since the hybrid simulation models
proposed for supply chain were conceptualized as a CAS,
the main objective will be to find emerging patterns due to
interactions among the components of the system.
Assuming from the beginning that supply chain can be
analyzed as a CAS, we took advantage of an additional
complexity science theorical framework proposed by [27],
but on CAS, detectors and effectors are also taken into
consideration along with system interactions. Same as
typical system modelling, inputs are considered to obtain
certain outputs. Feedback adaptative learning loop and a
system learning memory is also included. The conceptual
diagram of CAS adapted from [42] is shown on Figure 6.
Unlike black box system diagrams, interaction rules play
a relevant role on CAS modelling, that’s why we looked
for a software with enough capabilities. After the analysis
of software simulation used to modelling and simulation
of CAS, we selected Anylogic™ software. Anylogic™ is
one of the simulation leading platforms found in the
market, native Anylogic™ software’s features enables
users to integrate DES, ABMS and SD on a single
integrated model that can dynamically read and write data
to spreadsheets or databases during a simulation run and
is capable to develop spatially explicit models integrating
GIS functionality [43]. Then, the possibility to build
hybrid simulation models on Anylogic™ is not only
possible, but it is also many times implied on software’s
applications. In the e-commerce supply chain case, we
took advantage of the two mentioned features: DES
simulations, to incorporate time processes and indoor
facilities behavior, and ABMS, for interactions and flows
between facilities, including transportation network and
vehicles. To give a context of what the model includes,
CAS components of our proposed modelling are described
below:

Input is composed by typical elements incorporated
on e-commerce supply chain analysis and modelling:
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a) Historical or forecasted demand, taken from both
Enterprise Resource Systems (ERP) databases,
or any other business information system.
Different scenarios might be downloaded and
configurated depending on required business
answers.

b) Obijective service level, included on model data
base, or stored on parameters to compare real life
indicators.

¢) Product characteristics, tagged on every demand
line of data base, useful information to interact
on discrete indoor processes, or to indicate way
of traveling along agent-based network paths.

d) Number of facilities and location, shown on a
Geographic Information System (GIS).

e) Processing and traveling time, based on
productivity and resources availability.

Detectors Effectors

Input
g Output

F 9606800080699
Fodsddovssddddeod )
System Memory

T t— _.;-4-——'/

Adaptative learning loop

Figure 6: Conceptual CAS diagram adapted for this
methodology, adapted from McElroy (2000).

Detectors
a) The counter variables.
b) The statistic Blocks.
¢) Time DataSet blocks and plots.
d) Time histogram blocks and plots effectors.

Effectors
a) Agent indoor facilities with DES processes.
b) Agent transportation network.

Output
a) End to end product system life.
b) Specific time (process, travel, waiting) per agents
or facility.
¢) Backlog indicators.

3.2 Phase 2: simulation modelling

interaction rules

In the simulation models, interaction rules are governed
by programmed business rules and a predesigned a supply
network. Every agent is created based on historical
demand, from a source block and then travel to different
facilities. On every facility, demand agents could change
their attributes or lifetime due to DES processes, and then
wait for a vehicle that match the next step or destination.
Hybrid simulation models are integrated by agents as
following:
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Main agent

It hosts every other agent on a GIS, it has also the duty
to fill every other agent’s attributes at the start of the
simulation. Here, every demand agent is created and then
canceled after traveling along supply chain system.

Demand agent

It travels along the system following business rules. It
is created with attributes or parameters that will be useful
for the software to indicate logistics paths using tags to
accomplish needed processes. Some support parameters
are incorporated to accumulate attributes due to different
situations.
Facility agent

Every facility has two purposes:
a) Interaction with other agents.
b) Hosting supply chain processes.

Depending on the complexity of operations, these
processes could be as simple as a delay of time followed
by a queue, or even a DES complicated simulation that
support resources and schedules according business
capacity communicating with other agent interactions.
Depending on business supply chain, different kinds of
facilities could be modelled, in our case studies, facilities
were commonly stores, warehouses and x-docks but this
is not limited. Depending on simulation designed
necessities, interactions with factories or suppliers might
be taken also into consideration.

Transportation agent

Vehicles are created also at the beginning of the
simulation based on model data base. This option gives
you the opportunity to define not only origin and
destination of vehicle, parameters of capacity, travel time
and schedule can be also included. To obtain specific
output, agent-based simulation gave the chance to
communicate every state of every vehicle to other agents
and then decide when to load or unload products at the
start a trip fulfilling business objectives. Vehicles do not
only travel based on a defined time on data base, but also
could be visible on Main GIS map. GIS map road distance
information was useful to simulate time travel and gives
to the user a perspective of how fleet is moving along the
run.

Agent waiting areas

Two waiting areas, one for products waiting for a
vehicle to arrive in a facility and then travel to a specific
destination, and inside vehicle agents, where products
remain in loaded, unloaded or in transit status between a
stop or travel destination.

Messenger agents

Created at a specific time recorded in data base, their
purpose is to change values on process parameters or
sending messages to some agent following programmed
interactions. For example, on facilities capacity is adjusted
whether on productivity or on number of resources.

Even when processes or individual programming
could be very simple, the combination of several number
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of agents that are born at the beginning of simulation along
with interactions during it, result in complex behavior.
The relevance of interactions and understanding of results
was the next step of our proposal.

3.3 Phase 3: model communication

Once DES processes agents are created, communication
phase includes programming to link variables, identify
interactions and then to execute model scenarios. Here is
where we identified the most relevant advantage of
analyzing and modelling supply chain with a complex
adaptative system approach. To be aware of dynamics
understanding, and analyze outputs as emerging System
patterns, upgraded the results of our methodology. On the
same way, synthetic micro analysis gave us the
opportunity to understand the most micro level
interactions that drive to model better business decisions.

Linking variables and identified interactions

Variables and interactions are linked mainly by
demand product flows. These product flows are often a
connection between DES processes and using “enters” or
“exits” between facilities or vehicles living on a GIS
MAP. Natural supply chain designed flows are followed
to simulate real life behavior.

Database driven decisions

In real life and in virtual simulation models, products
travel along supply chain, according to business defined
rules. In real life, these decisions are chosen by systems,
or human beings, but in our models, they are previously
stored on a data base. Whether the product must
accomplish certain process or to travel to another facility,
a database query is executed to simulate real life decisions
and interactions.

The following diagram explains how demand agents
flow through the simulation model.

Demand =
o =
Facility To_Waiting
e B

-

To_Vehicle

Waiting
- -

Vehicle
--

To_Next_or_final Facility
p

Figure 7: Simulation flow diagram Source.

a) First, the demand is generated, where a source
block is configurated with historical or forecasted
demand. By using real data, dynamic and nonlinear
behavior is entered into the system. Demand agents
are created with input parameters that contain
characteristics of at least origin and destination
previously stored on database, these parameters are
also used as tags for product identification and
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decisions useful to consider entering or exiting
processes between facilities or vehicles. During
simulation run, counting variables and datasets are
collected and refreshed at a specific time to
understand input demand behavior.

b) Second, the demand is communicated to the
facilities depending on product requirements. Time
on facility, depends on utilization of machines or
human resources mayorly. Statistics of every
process are collected and plot to understand where
capacity is limited and where the agents spend
more time. Facilities could be very simple, or also
enabled with several complicated processes, for
example Figure 8 shows a GIS map containing
several facilities that host simple scheduled driven
by resources DES processes. Capacity and
resources could be static or dynamic, if it is needed,
at any time of simulation run, a messenger agent
could enter the facility to update conditions. The
result of interactions and behavior of these
changes, then is observed as emergent patterns of
supply chain behavior.

c) Third, the waiting processes of facilities and
vehicles are modelled. Their purpose is not only to
host a staying process for products and to
accumulate time between entering a vehicle, but
these processes also allow communication between
facilities and wvehicle agents. Communication
process on simulation could be complicated, the
problem is to keep products on a specific
destination process until a vehicle has arrived ready
to load or unload products. To accomplish this task,
an “id” of arrived vehicles is kept on a data
collection array and then products are allowed to
enter mentioned vehicle that share the next agent
destination and at the same time, ensuring choosing
the right transportation type with enough left
capacity.

d) Finally, products travel from one to another
facility or destination. According to waiting
processes, every product enters on a specific
vehicle depending on the destination. We named
this DES processes vehicle compartments. On
these agents, processes of loading and waiting
inside a transportation unit are simulated. Then, it
is possible to measure used capacity, and decide if
the vehicle is ready to go using two criteria. The
first criteria to start a trip is leaded by programmed
schedules fed by departure parameters. Second
criteria, to verify if transportation agent is enough
loaded according to business rules and physical
capacity. Vehicles are programmed as independent
agents, so they born with parameters including
origin and destination, together with variables
recorded in accordance to departure, travel time
and capacity limitations.

On every step, outputs are programmed considering
special attention on simulation time and different products
behavior. Normally output values are shown in dynamic
plots during simulation. Now that CAS behavior is
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programmed on simulation software, adaptative learning
loop depends on user experience and iterative what-if
scenarios. Every iteration stored output on computer will
conform our system memory, and retro alimentation will
be sustained proposing different agent network paths or
capacity.

Model execution and data exchange

Once model and interactions are already programmed
execution is very simple. After verifying that every
parameter and variable is loaded on model database, next
step is to execute the simulation and wait for the result.
After every iteration recorded statistics and indicator
calculations, are exported to a consolidated Microsoft
Excel spreadsheet. The relevance of this step is not only
to obtain results and record them, but objective is also to
identify the influence of every interaction at micro level
that are shown at macro level as emergent patterns of the
complex adaptative system, in our case these emergent

patterns coincide with supply chain performance
indicators.
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Figure 8: GIS Map containing agents, DES processes
and plot outputs.

Then, improvement of supply chain system is implied
on the influence of products flows, facilities processes and
vehicles interacting with each other. Talking about our
supply chain models, every facility will exchange data
with every vehicle not only about the status and capacity,
but it will also share information about demand dynamic
behavior. The result will impact utilization of resources
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and bottlenecks at micro level, and the result of end-to-end
measured time deliver, at macro level.

Evaluation of outputs

The simulation software offers several options to
obtain results and outputs. Statistics and datasets blocks,
along with time and histogram plots were successful to
understand complex behavior and led us to different
scenarios. From the beginning of the run, we take
information from data base, placing historical or
forecasted demand. The first output is therefore the
behavior of demand, where we can understand seasonality
and behavior at macro level. These plots could be included
by product or by any other interesting demand
identification. The most common, apart from products, are
related to logistics origin-destination area and required
service. Then, at main agent it is possible to observe
demand graphics and interesting statistics form its
behavior. During simulation runs, demand behavior is
compared with accumulated capacity and accumulated
statistics help us to understand system performance.
Scheduled resources work shifts utilization is also
measured to understand everyday dynamics.

Traditional analysis, assuming a typical black box
system, will lead us to run several scenarios looking for
answers only at macro level, but CAS approach along with
synthetic micro analysis tells us that these answers at
macro level must be a result of interactions at micro ones.
Then, even when performance is enough for
accomplishing demand requirements at macro level,
interactions at micro mechanisms should be understood to
get a better result. On supply chain, installed capacity
relates directly to investments and in many times, it is
difficult to balance the right place and more difficult to do
it at the right time, resulting on money wasting. In our
simulation projects, hybrid simulation opens the
opportunity to integrate DES processes into agents, and to
measure their performance at micro level.
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Figure 9: Example of simulation input analysis.

The performance of every agent is collected and then
analyzed to understand impact on the whole system. One
of the top interests of our simulations is service time,
which depends in part on the number of resources and their
productivity related to real processes, that’s why backlog
is measured along every facility to identify bottle necks
and prove different scenarios. We measure time on a
facility, but also the time between every process. By
recording on every hour, the number of agents inside
simulation queues, we obtained an average indicator of
backlog and the period of recovery. By comparing backlog
data with capacity bottlenecks, facility capability can be
understood in two dimensions, first to dimension about
space capacity and second to ponder if recovery time is
according to business service requirements. Figure 11
shows backlog behavior and time recovery due to limited
wok shift resources capacity. Simulation results gave us
the opportunity to observe and measure impact of limited
capacity and its dynamics depending on demand flows.
Remembering that the supply chain system could be
integrated by several facilities and every piece of data is
analyzed after exporting information an integrated
Microsoft Excel Spread Sheet. The simulation results are
organized by flow volume, average backlog, and time of
recovery to identify the most relevant interactions.

By collecting the accumulated end to end time of every
product on main agent and understanding its causes due to
micro level interactions, what-if mentioned scenarios are
proposed changing parameters. Methodology enables to
understand the limitations of the designed supply chain
and apply better options to reach business objectives,
without thinking about major investments.

Total Demand Accumulated Capacity

@ Beckiogdataset @ Backogstatstics

. B Recoveyt

© RecoveyBackiogvariable

Figure 10: Example of simulation outputs.
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4 An omnichannel retail business

case study
This section is focused on simulation challenges of an
omnichannel retail business case study. This section will
be useful for the reader to recognize what is necessary to
collect, understand and program to deal with a real-life
problem.

Omnichannel retail business

Omnichannel problem includes companies who born
operating brick and mortar stores, where consumers
physically visit the place, and purchase their products.
Due to customer behavior and growth in Internet use,
companies also started an important presence on e-
commerce operations. In recent times, e-commerce
marketplaces are also opening physical stores, unless this
is not ordinary. Because of their nature, both bricks to
clicks and clicks to bricks companies, offer a hybrid way
of delivery and shopping experience.

Brick and mortar physical stores selling o-line

,‘i“ |:> Both with a hybrid way or serving customers

0~0

Markm places opening phys\ca\ stores O b

ﬁ:> i

Figure 11: Brick to clicks and clicks to bricks ways.

4.1 Phase 1: conceptual modelling

In the omnichannel case study, customers are capable
to acquire products in different ways depending on their
necessities listed below.

a) On store traditional buying, were the customer
walk around the place to acquire their products.

b) Online buying, where customer acquires products
by the company web page.

¢) A combination of previous, where customer could
choose to pick up products on store if they are
available. Availability could be nearby or foreign,
and in both cases, customers could buy and receive
product on store or direct to their location.

Depending on customer needs and location there are
also different ways of home delivery.

a) The customer is available to receive product in a
period of certain hours and the chosen product is
available on a store or warehouse nearby.

b) The product could be delivered by the company x-
dock in the same city.

c) The product needs to follow a network path
between stores and x-docks to find its destination.

d) Atan any network node, the product is delivered to
a third-party logistics supplier.
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4.2 Phase 2: simulation modelling

All of the options indicated before were programed on
a hybrid simulation model using historical data as an input
looking for improvements by running several capacity
scenarios. Before starting to describe simulation inputs
and outputs, it is important to remember the relevance and
advantages of our methodology, that not only implies to
program a hybrid model. It is also important to recognize
how these steps can be useful to describe a real life
complex adaptative e-commerce supply chain system.
CAS are recognized mainly by their nonlinear behavior
and a large number or constituents interacting at the same
time. In the case study, the constituents were modeled as
agents and their interactions using DES processes,
because of their nature, agents could communicate with
each other increasing complexity of the system. Then
stores, x-docks, warehouse and transport assets became
the agents and at the same time they were incorporated
with historical real measured capacity and productivity on
a GIS map location. Input of real demand data, followed
by programmed agent business rules, resulted on hybrid
simulation outputs emerging patters.

Store agents include DES processes for shelf product
picking, customer in-store pick up area, product
packaging, for delivery or transfer process, and last a
decision block to send product direct to customer nearby
or foreign employing a third-party supplier. Decision
depends on the tag or parameter previously input on
database. Products that must be delivered to another store
by a company x-dock, are sent to the waiting area agent,
where they will stay until a transportation asset has
arrived. At store microlevel, relevant indicators are saved
on statistics blocks, the most important were sum of
products, queues backlog, resources utilization and finally
whole time on store. With the analysis of this information,
processes  improvements were simulated and
implemented, for example, by running different scenarios
changing number of human resources working with an
average productivity, benefits of service time were found
at micro level. We validated those decisions about
incrementing crew or working hours on certain season or
peak of demand, could be taken based on model runs. With
the aid of messenger agents, capacity or parameters were
changed at any model time looking for better results.
Results were not only useful at micro store level, total time
macro level indicators were also measured and understood
to validate business objectives.
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Figure 12: Simulation model of omnichannel case
study.

4.3 Phase 3: model communication

Stores face many other challenges on real operations,
main is that they are not designed to operate an outbound
flow other than what is taken form the shelves aisles by
customers. Taking advantage of agent’s communication,
schedules about receiving product from storage
warehouses and sending product direct to customers or x-
dock were also simulated. On store waiting area agent,
products are hold until the scheduled transport arrive and
take them to the next step of simulation. Same as in reality,
transportation arrive to the store and report its arrival, in
our simulation model, transportation agent communicates
an ID to the waiting area by printing it in a collection
array. With the help of knowing ID vehicle, the decision
of loading product can be made in two ways, the first is to
be sure about vehicle left space capacity and the second is
if destination is in conditions to receive more products.
That’s how on this stage, communication between
transport vehicles and facilities is emulated. In real
system’s operations, it is common to hear about different
kind of communications to arrange these operations, like
phone calls and email messages, the result is a complex
behavior induced by demand who result on micro level
findings and in consequence supply chain indicators. Time
on waiting area was an important indicator to be aware,
but also its causes, especially the contained queue number
of products waiting to be loaded on a transportation
vehicle.

In certain circumstances, omnichannel problem
delivery could be only about leaving the store, because it’s
common to use third party delivering suppliers to travel
along countries and reach the last mile until customer
receive their product. It could be even simpler when
customers have the chance to pick their products on store,
but store operations could be complex to study depending
on the size of company, city or country. That’s why in our
study agent facilities were placed on a main agent that
includes a GIS map, allowing users to incorporate several
numbers of locations. For the reasons listed below
we found GIS map useful in an e-commerce supply chain
hybrid simulation:

a) Allows usersto have a first look of their geographic
coverage and number of nearby facilities. Being
aware of where your facilities are located, can lead
you to understand if they are placed in a correct
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way, even when this analysis might be
inconclusive without an analytic exhaustive one, it
is one of the best places to start.

b) GIS maps contain information not only about
localization, in our case, Anylogic™ provides a
native OpenStreetmap service, who enables
vehicles to follow real-time downloaded road
distances observed during simulation.
Combination of localization and observation of
vehicles on real time, can also be considered as an
emergent pattern of the system seen at macro level.

Finally, GIS map was also useful to explain results and
interactions between facilities to stakeholders. Before
analyzing products after leaving the store, it is important
to stop and interpretate what is causing bottlenecks and
traduce it into real life strategies. Increasing the number of
human resources might be a solution along with work
hours variation, but also to compare productivity and
facility space and lack of equipment. Once store variables
are understood it is time for analyzing transportation
logistics. There were different kind of vehicles depending
on their vocation in real life on simulation model. Large
capacity vehicles to deliver product from inventory
warehouses to stores in synergy with omnichannel
product, and local small capacity vehicles for moving
product between stores to and from their local assigned x-
dock. Distance and volume capacity during trip, was
stored on statistics blocks for further analysis. For large
capacity vehicles, every day scheduled departure time is
programmed along with an average speed to simulate trips
using real GIS map road distances. Then, estimated time
of arrival of products can be calculated. In the case of
small capacity products, delivery and collect milk run
circuits were programed. At this step of simulation, we
already accumulate the store and from store transportation
time as a part of the total time of delivery, the rest obey to
local x-dock, foreign x-dock, and their vehicle
connections. Once products enter x-dock facilities,
programmed decisions lead them direct to customer
delivery or to travel to another facility, processing times
of resources and productivity are also stored and measured
along with on queues agent number content. From this
point products can visit more than one x-dock and
destination stores to finally reach their ending point. On
last destination time along whole system is recorded and
analyzed using a histogram plot. Something implied on
this kind of problem simulation solution is to manage a
great amount of agent interactions at the same time, this
characteristic is one of the best reasons to choose this
method when a supply chain is analyzed.
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Figure 13: GIS Map containing agents, DES
processes and plot outputs of omnichannel case study.

On this kind of modelling, number of facilities and
assets is only limited on computer processing time, then
by adding more database lines supply chain could be
simulated at any scale without extra programming time.
The result of thousands of products traveling between
dozens of facilities and transportation assets interacting
with each other is what finally emerge at macro level of
the system. End to end time results of every interaction
was also divided on categories and subcategories
interesting for the business.

e Local deliveries including the ones from store
and stores in the same city
e Foreign deliveries

Results show that even when facilities operate at their
maximum capacity, accumulated time combinations
(origin-destiny-type of service) delivery 100% on time
objectives could be impossible to accomplish. Foreign
times and accumulation on demand on particular season,
are the main limitations of the supply chain system.
Maximum limits of the system were not the only
conclusion, more important was to identify offered
services and estimated volume encapsulating the problem
on certain geographic areas and then to decide the best
impact business major investments. With the help of this
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novel methodology companies could simulate different
scenarios to chose a better number of resources in a certain
season and decide a better scenario. In our case study a
retail company the chance to reduce the gap between on
time deliveries in at least 3% by including third party
suppliers on peak season.

Unlike traditional modelling of e-commerce supply
chain where data is collected and then processed using a
static linear programming model, hybrid simulation
modelling assuming a CAS behavior, opens the door for a
better system understanding and numberless real life
dynamic scenarios. The understanding of microlevel
interactions and their impact at macrolevel shown as
emergent performance patters, can lead business to better
strategies, and to predict behavior of their decisions. In
early times, size of e-commerce supply chains has caused
to operate and plan in a reductionist way, assuming that,
solving the problem at micro level could reflect a
deterministic upgrade on business macro indicators.
Simulation modelling gives not only the whys, but also
gives answers when might be the correct time to take
important business decisions.

Benefits for e-commerce supply chain could be
various, but here we resume the ones what we stand out
the most:

a) Be aware of the limitations of your supply chain
design before commit to business objectives.

b) Size impact of increasing capacity at facilities or
transportation at macro level.

¢) Understand not only what a better solution is, but
also when might be a better moment to implement
it.

d) Scale your analysis by running simulations of all
your facilities at the same time.

5 Conclusions

The change in consumer behavior has caused supply
chain professionals to face more complicated challenges.
In the search of alternatives to understand and manage
supply chain, the experience of stakeholders has been a
great help for businesses. Even when experienced
managers had looked for better ways to maintain service,
it is difficult to find tools and frameworks to take
advantage and test before implement. By understanding e-
commerce supply chain as a CAS, multiples possibilities
and solutions opens. CAS conceptualization facilitates to
look for solutions about non-linear demand and agent
interactions, instead of trying to implement average static
solutions. After being awake of what CAS understanding
could do for your business, the second step will be to find
somewhere to experiment and prove interaction
hypothesis. Simulation has proven to be a good platform
to test nonlinear behavior and try to anticipate what may
happen. Is very common to find discrete event simulation
on e-commerce supply chain but normally model focusses
on specific processes. By incorporating agent-based
modelling, a tool born for complex system understanding,
hybrid modelling enhances supply chain solutions
proposals. On real life case studies, we achieved to point
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out benefits of hybrid simulation, first by demonstrating
that supply chain behavior can be imitated on a computer
software without numberless spreadsheets, and second
taking advantage of real-life e-commerce supply chain
system agents (operations human resources), who now
know they are capable to prove alternatives reducing the
risk of wasting inversions or time testing on the go. Future
work will address not only experienced bases solution but
automated taking advantage of intelligent algorithms
adapted for CAS and e-commerce supply chain, the
objective will to find better business answers in less time.
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