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Abstract 

The uniquely versatile autonomous mobile robot transportation system in focus of this study 
essentially works as such; an object to be transported is placed in a wall mounted and locked 
box. A robot is assigned to pick the object and dispatched by the logistic computer. The robot 
goes to the box unlocks it and takes the object inside its body, then travels to the destination, 
leaves the object into the box and locks it. Robot can also tow a bed, trailer etc. 

The study presented in this thesis gives an introduction to transportation activities and 
automated internal transportation systems widely used at hospitals, develops a tool/method 
which can give decision-support in analyzing the logistic performance and capacity of an 
autonomous mobile robot internal transportation system. An important quality of the developed 
tool is that it can be used for other cases —for same purposes, than that has been experimented 
in this thesis. 

Simulation and modeling is a critical technology when applied to complex transportation 
systems. Simulation-based analysis of this system aims at investigating its logistic performance 
and capacity. This study develops a high-fidelity simulation model of the logistic computer and 
other components in the logistic system using ExtendSim simulation environment. Additionally, 
the operating logic of logistic computer has also been designed, implemented and validated in 
the simulation model by the authors. This logic developed by the authors for logistic computer 
can be used in the software for real logistic computer in the system. 

How the mentioned problem is approached and solved by the authors is thoroughly presented in 
this thesis. 
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Definitions 
  

Name Abbr. Description 
Capacity Tool CT The result of the "ex-job". A tool helping RobCab to dimension a 

transport system in a hospital. 
Users computer UC A laptop for ordering transporting jobs. By intranet all UC are in 

contact with the Logistic Center (LC).  
Logistic Center LC An intranet computer that is in contact with all user computers 

(UC) and all robots. 
Robot R  
Station  A point the robot can be ordered to go to. Stations are initially 

marked on a map when RobCab is discussing an installation for a 
 Box station B Box on the wall for storing small items waiting for a transport or to 

be picked out after a delivery 
Waiting station,  
little thing 

WL Waiting location where the robot will wait for someone to 
manually load or unload the robot.  

Waiting station,  
bed 

WB Waiting location where the robot will wait for someone to 
manually detach or attach the robot to a bed.  

Guiding station G A point where the robot stops for pick up or delivery of a guided 
person 

Parking station  P Parking lot for trailers. Robot to pick up or deliver a trailer to this 
point.  

Home station H Where the robot will return to after a job if no new job is assigned 
to it. 

Charging station C Robot will go there when needed or if a long waiting for a new job 
could be expected 

Home station 
with  

 

HC Where the robot will return to after a job if no new job is assigned 
to it and it need charging 

Elevator E An Elevator that can be used and operated by a robot or the LC. 
(How, under investigation)  

Door D A Door that can be used and operated by a robot or the LC. 

Task T A transport job that the hospital wishes to have included in the 
system. 

Request   A transport job that a member of the hospital staff requests from 
the Logistic Center (LC) 

Time between 
arrivals 

TBA Time between arrivals of requests 

Task Now TN Order Task requested as soon as possible 

Task Within  TW Order Task requested within x hours 

Task Fix TF Order Task requested at a fix time in the future. 
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Definitions 
  

Name Abbr. Description 
Order LC OLC An order from LC that not is an OT.(Charge order) 

Route  The distance the robot has to go to execute an order. The distance 
is defined by some legs (L) and ends with a station. 

                
           

Route time  Time to travel a Route including time for doing the job at end 
station. 

Leg L A leg  is a floor distances or an elevator  

Node N End of a leg. A nod can be a department, a floor area, an elevator 
or a landmark. In a nod there can be a number of different stations. 

Landmark LM A landmark can separate a distance into legs 

Leg Time tL The time for travelling a leg.  

Order Time tO Total Leg Time for execute an OT or an OLC 

Robot status RS Information from robot to Logistic Center. 

Culvert 
underground 

CU Underground culvert with low personnel traffic. Robot can run with 
full speed 

Corridor ground 
floor  

CG Corridor with high personnel traffic during daytime. Robot must run 
with lower speed during daytime and high in evenings and nights 

Corridor other 
floors  

CF Corridor with limited personnel traffic. Robot can run with  good 
speed 

Ramp CR Corridor with limited personnel traffic connecting two floors. 
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 1 Introduction 

 1.1 Background in hospital logistics 
Hospitals are as ever under growing pressure to provide high-level service to patients with 
minimal funds. Increased amounts of demand for healthcare services required to be provided in 
hospitals, accompanied by higher quality measures and limited funds are the key driving forces 
of the need to re-engineer the logistic systems in hospitals to improve service quality and 
reduce costs when possible. 

For reasons mentioned above, many modern hospitals are looking at the practices in other 
sectors such as; manufacturing, retail, warehousing to implement these practices in the 
hospital setting. However, in general hospital logistics has been separated from other 
industries. Even though the core activity in a hospital is patient care, an important subsystem 
involved is the logistics system required for the flow of operation of the patient care system. 
Therefore inefficiencies in logistic systems of hospitals can lead to the drainage of valuable 
patient care resources and elevated costs related to logistic activities. Therefore logistic 
systems in hospitals must fulfill all the functional and business requirements, and maintain high 
level of service standards and efficiency in following areas; (Paskhina & Bengtsson, 2005) 

 • Fast and reliable availability of the required supplies  
 • Permanent availability without oversized inventory 
 • Information technology (IT)-based logistics organization 
 • Continuous operational procedures (without breaks at department boundaries) 

 

 

 

Figure 1 - Hospital logistic system structure 
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 1.2 Logistic activities in hospitals 
For the case of a hospital logistic system, the main internal logistic activities are keeping supply 
inventories and internal transportations as presented on Figure 1 - Hospital logistic system 
structure. 

Keeping inventories are usually the task of nurses and related staff depending on the type of 
goods stored. This thesis is focused on the transportation component of the internal logistic 
chain of hospitals. 

Modern hospitals usually have a transportation department (internal or outsourced) which is 
responsible for all internal transportation tasks related to the service of the hospital. (For 
example; transports of patients, waste material, laundry, food, pharmaceuticals and mails). 
(Granlund, 2011) 

Besides the transportation department, the time nurses spend on transportation tasks is 
significant among the other responsibilities. According to a study, by Granlund (2011) nurses 
time can be divided into following different categories; Direct care, indirect care, administrative 
time, personal time. Direct care, involves activities performed face to face with the patients 
such as examinations and treatments. Indirect care, involves activities related to patient care 
but not in contact with the patients such as: logistic activities, preparing food or medications. 
Administration time, involve the time for tasks for activities not directly related to patient care. 
Personal time, include the pauses taken within the regulated time for breaks. 

 

 

As can be seen on Figure 2, nurses spend significant amount of time with indirect care which 
involves transportation tasks which were not done by the transportation department. This 
implies the existence of improvement potential found in this area, both for the logistic system 
performance and the quality of patient care in the hospital. 

Personal 
time, 7% 

Administrati
ve time, 9% 

Direct 
care, 30% 

Indirect 
care, 54% 

Figure 2 - Time distribution of nursing staff (Granlund, 2011) 
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 1.3 Transportation systems in hospitals 
Hospitals are the most costly and with high service quality demanding parts of the health care 
service systems. For these reasons continuous efforts are being made to reduce costs and 
improve service quality at hospitals. Transportation plays an important role in organizations 
which has interconnected activities taking place at different locations in the facility for this 
reason the importance of transportation is felt profoundly in a hospital setting, which includes 
multiple activities related to patient care at variable distances from each other, requiring a flow 
of information and goods between these activities. 

Hospital transportation can be defined as “the movement of goods/people as an integral part 
of the service system of the hospital”. Transportation activities can be divided in two 
categories; (a) External transports; movement of goods/people to and from the hospital to 
external facilities. (b) Internal transports; movement of goods/people between different 
locations within the hospitals facility. “It is estimated that 10 % of the investment cost goes 
towards the transport. Of the total time spent on transportation in a hospital 1/3rd is spent on 
movement and 2/3rds on waiting.” (Anand, 1982) 

 1.3.1 Hospital internal transportation system 
Without any efficient system for internal transportation of supplies like drugs, linen, 
equipment, and food etc. to/from the wards, however efficient and competent technical and 
administrative staff may be available; the standard of patient care will be reduced causing poor 
satisfaction of patients and community. 

 1.4 Logistic performance of hospital internal supply chain 
However the design of hospital logistic systems can have different priorities to consider, since 
the primary service provided by a hospital is patient care, a common definition of logistics as; 
“logistics is about supplying or replacing goods the right goods, at the right cost, at the right 
time to the right place”, is also valid for a hospitals logistic chain. To be able to assess the 
efficiency and effectiveness of the actions taken just like analyzing supply chains in other 
industries, it is necessary to analyze the logistic performance of the hospital logistic system. 

Several aspects of logistic performance can be listed as follows; (Granlund, 2011) 

 • Delivery performance 
 • Delivery precision 
 • Delivery reliability 
 • Quality 

 o Robustness 
 o Information flow quality 
 o Customer service quality 
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 1.5 Automated internal transportation in hospitals 
Owing to the increased personnel costs, increased patient care demand and increased service 
quality demand automation in internal transports are becoming required for hospital logistic 
systems. With the advancement of automation technology in the health care industry, today, all 
new hospital buildings typically include automatic material transport systems. These automatic 
systems carry out standard tasks, making it possible to save money and time through 
streamlining the process of internal transportation. Automated systems used in internal 
transportation in hospitals include the following; 

 • Automated guided vehicles, mobile robots 
 • Pneumatic tubes 
 • Rail guided carts and conveyors 

Pneumatic tube systems are one of the most commonly used delivery systems in hospitals, 
(Figure 3). They are formed by a network that connects different units in the hospitals. The 
goods are placed in specially designed containers, fed into the tube system at stations and 
moved by pneumatic forces created by the blowers and pumps attached to tube network.((a) 
load stations, (b) Slide stations, (c) pipe installations, (d) pneumatic carriers, (e) diverters, (f) 
blower.) Tube systems are suitable and usually used for small sized goods such as; paper 
documents, specimens, pharmaceuticals. 

 

 

 

(a) (b) (c) 

(d) 
(e) 

(f) 

Figure 3 - Pneumatic transportation system components 



 

5 
 

Track and conveyor systems are also common in hospitals for delivering relatively bulky loads. 
Rails or conveyor are installed in horizontal or vertical configurations and goods are transported 
between floors and hospital different units. 

An alternative to such systems, are mobile robots, which is also the focus of this thesis study. 
Using robotic vehicles for transportation inside manufacturing facilities has been of a great 
interest, for decades. In those systems the environment usually needs to be modified, by 
installing guides etc. for path recognition and safe navigation. With the advances in navigation 
technology it is possible for autonomous mobile robots to operate in hospital setting, with 
minor or no modifications to the environment, where human contact and interaction is 
inevitable and also necessary. (Özkil, AAnæs, Kristensen, Christensen, Zhun, & Dawids, 2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 - Mobile service robots for transportation tasks in hospitals 
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 2 Project Specification 

 2.1 Project background 
RobCab AB at Västerås is developing a unique system using autonomous mobile robots which 
can conduct the internal transportations at a hospital. RobCab AB shall in 2011 and 2012 
further develop the prototype system with the view of a pilot installation at a mid-sized hospital 
in Sweden. Wards that will be served by the system and the transportation requirements will 
be determined during the first half of 2011 in close collaboration with the hospital. 

The system developed by RobCab conducts the internal transportation in the hospital 
supporting the nurses and transportation staff with transportation tasks. 

The mobile robot transportation system is uniquely versatile, in which the robots work 
completely autonomous. Mainly, an object to be transported is placed in a wall mounted and 
locked box. A robot is assigned to pick the object and dispatched by the logistic computer. The 
robot goes to the box unlocks it and takes the object inside its body, then travels to the 
destination, leaves the object into the box and locks it. Additionally, the robot can tow beds, 
trailers etc. and guide people. 

The system consists of the following main parts;  

 • A fleet of robots carry out the transportation between task stations. 
 • Stations are all points in the hospital which the robots can be ordered to go. 
 • User computers are laptops used for ordering transport tasks, which are connected to 

the central computer.  
 • The central computer (Logistic computer) is a computer connected to all user 

computers and robots, which assigns and schedules the robots to the transportation 
tasks. 

 2.2 Project Objectives 
 • Develop a model to be used to simulate the proposed mobile robot internal 

transportation system, which the logical principles of the future logistic system to be 
implemented will be based on. 

 • Develop a tool which can be used to dimension the robot logistic system based on the 
model developed, and by which also the performance of the system can be analyzed in 
terms of logistic capacity and performance. 

 • The developed tool should provide such flexibility that it can be used –for same 
purposes, on other cases in the future. 
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 2.3 Problem formulation 
The transportation requirements at hospitals require a high performance and quality from the 
logistic system as it has been introduced in former sections. Therefore it is an inevitable 
necessity for RobCab AB to offer an efficient and effective transportation system to be able to 
meet this demand and be able to compete within the industry.  

Considering the project objectives introduced in former section; the problem is to build a 
simulation tool which can meet the requirements and serve RobCab AB’s needs to make 
analysis about potential investments and experiment with the configuration of the logistic 
system. 

 2.4 Delimitations 
 • The main focus of the study is to suggest a logic design for the logistic computer and 

develop a method/tool that can evaluate the logistic capacity and performance of the 
proposed transportation system. Other aspects related to the system are not within the 
focus of this study. 

 • Limited time scope available for the project which is undertaken by the authors in 
partial fulfillment of requirements for the master degree in “Product and Process 
Development – Production&Logistics” at Mälardalen University 

 • Resources available at Mälardalen University and other public resources 
 • Resources which can be devoted to this project by RobCab AB 
 • Assumptions made about the processes involved in the system and reliability of input 

data 

 2.5 Intended target audience 
 • Examiner and tutors assigned to this thesis at Mälardalen University 
 • Management at RobCab AB 
 • Peers who could be interested in the subject 
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 3 System investigation 

 3.1 Autonomous mobile robot transportation system 
The autonomous mobile robot transportation system developed at RobCab AB has the 
following main components. 

 

 • A fleet of robots carry out the transportation between stations. 
 • Stations are all points in the hospital which the robots can be ordered to go. 
 • User computers are laptops used for making transportation requests, which are 

connected to the central computer.  
 • Logistic computer (Master computer) is a computer connected to all user computers 

and robots, which assigns and plans/schedules the robots to the transportation tasks. 

A fleet of robots, which can navigate through the hospital corridors and use elevators and 
ramps to travel between different floors, are situated in the hospital facilities. The robots are 
connected to a main computer (logistic computer) by wireless communication infrastructure. 
The main tasks of the robot are; path/route planning, navigating to the assigned stations, 
picking/delivering goods by docking to the stations. 

Stations are points in the hospital where robots can be ordered to travel by the logistic 
computer. Stations can be boxes attached to walls and charging stations, which robots can dock 
autonomously to pick/deliver goods or to charge batteries and points where robot will wait for 
human interactions such as; attaching a bed/trailer, placing goods inside the robot and waiting 
for a person to be guided. 

 
Co
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Logistic computer  
• Plan/Schedule task 

assignments 
• Maintain robots 

battery levels 

User computers 

• Send/confirm 
transportation 
requests to logistic 
computer 

Robots 

• Path/route planning 
• Navigate to assigned locations 
• Pick/Deliver goods 
• Report battery level  

Hospital wards 

Figure 5 - Autonomous mobile robot transportation system structure 
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Logistic computer is a PC which maintains the high-level control of the transportation system. 
The main task of the logistic computer is to assign tasks to robots and plan/schedule the 
assignments to meet the transportation specifications defined by each specific user request. 

User computers are laptops placed in hospital wards where nurses and other related staff at the 
hospital can input transportation requests which will be send to the logistic computer for 
further handling. Users of these computers are authorized staff at the hospital. 

Users, logistic computer operating logic and robots can be considered as the active components 
in the system. A more detailed description of each of these actors and their functions are given 
in Figure 6. 

Additionally, parts of the system such as, physical stations, building infrastructure (elevators, 
corridors, ramps, etc.) are considered as passive components in the system. 

 

Figure 6 - Main system actors and their functions 

The effects of both active and passive components on system performance are not negligible; 
therefore when presenting the analysis related to system design factors sourced from both 
components are considered. However it may not be possible to change any physical structures. 

User

Robots
Logistic computer logic

Task requested now

Schedule and assign
robots to tasks

Monitor robot
status

Request a task Task requested
within X hours

Task requested at
fixed timeRemove a request

Confirm/Reject pickup
time suggested by LC

Monitor task queue
and completion

Assign robots to go
home and charging stations

Execute the tasks

Register task
completion

Report battery
status

Report errors

User interface

System databases
Read orders

Hospital wards

Transportation
tasks emerge

Report current
robot location

Remove a request
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 3.2 Logistic performance of the autonomous mobile robot transportation system 
As presented earlier, logistic performance of the system will be influenced by both active and 
passive components of the system. However the design of operating logic in logistic computer 
is the main focus of the study, other related factors are also presented in this section. 

The operating logic for scheduling/planning of task assignments in logistic computer is one of 
the main factors that determine the logistic performance of the proposed transportation 
system. Several aspects of logistic performance had been listed in previous section as; 

 • Delivery performance 
 • Delivery precision 
 • Delivery reliability 
 • Quality 

 o Robustness 
 o Information flow quality/availability 
 o Customer service quality 

In following section, every aspect of logistic performance will be analyzed regarding the 
proposed transportation system; 

 3.2.1 Delivery performance 
Delivery performance is composed of two main dimensions; speed and reliability. Speed 
meaning; short lead time (lead time: time from receival of a transportation request until 
delivery.) Reliability can be broadly described as; ratio of deliveries made, without any errors in 
terms of time, place and goods, to the total number of deliveries made. 

For the case of the proposed robotic transportation system, the main determinants of delivery 
performance will be the following aspects related to the system; 

 o Robot travelling speed 
 o Physical structure of the hospital facility and transportation system 
 o Traffic in corridors and elevators 

 3.2.2 Delivery precision 
Delivery precision is the ability to provide reliable information on delivery time (pickup time in 
this case) and pick up the goods at the promised time. Delivery precision being similar to 
reliability aspect of delivery performance it will be determined by similar factors. Additionally, 
some transportation requests are made in advance the requested pick up time by the user, 
which allows for planning/scheduling of orders by the logistic computer –which will also 
influence delivery precision. Overall factors related to delivery precision can be listed as; 

 o Robot travelling speed 
 o Physical structure of the hospital facility 
 o Traffic in corridors and elevators 
 o Planning/scheduling logic in logistic computer 
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 3.2.3 Quality 
Quality in a logistic system can be easily assessed by the amount of correct deliveries. However, 
it is necessary to analyze the factors that form the quality body for the case of the robot 
transportation system in focus of this study. The overall quality of the logistic system is effected 
by performance in following areas; Robustness, information flow quality, customer service 
quality. In following sections each aspect of quality will be focused regarding the proposed 
system. 

 3.2.4 Robustness 
Robustness in a logistic system will help the reduction of related costs/risks by eliminating 
errors. In case of the system in focus of this study, the related costs are; energy consumption, 
risks related to wrong deliveries or delays in deliveries. These costs can significantly affect the 
perceived quality of the system by users. 

 3.2.5 Information flow quality/availability 
In addition to the physical distribution of goods from one point to another, logistic activities 
also require a flow of data between points in the system. The availability and quality of this 
data are required for the routine operation of the system. Additionally this data is critically 
important for planning/scheduling functions of a logistic system.  

In addition to the flow of information between user computers, logistic computer and robots, 
for the basic functioning of the system; the flow of information to the users, about 
pickups/deliveries/type of goods transported are essential for robust operations. 

Users get in contact with the system at following points; hence these are the points which a 
user can/or have to receive information about operations taking place in the system. 

 o At user computer interface; users should receive the notifications about the status 
(reject/accepted by LC) of the requests they have made and the estimated pick up time 
of the goods. Similarly the information about deliveries should also be available to the 
users at the delivery station. 

 o Robots in the system carry out the transportations and contain the goods in their body 
until they are delivered. 
Users need to have contact with robots in following occasions; 

  User put in goods to be transported/take out the delivered goods 
  User attach/detach trailers or beds 
  Robot is to guide a person in the hospital facility 
  User place goods in a box for the robot to pick/take out goods from a box 

delivered by robot 
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Considering these occasions, the following data can be considered to be transmitted; 

 o Current pickup/drop location/type of goods (in form of request ID which the user 
is informed about) for the task in progress by the robot 

 o Estimated time to reach the pickup/delivery stations 
 o Bed or trailer is attached/detached by user 
 o Goods are placed/picked into the robot body by user 
 o Person to be guided is ready 
 o Robot moving/robot blocked 

 
This information flow can be facilitated by a simple user interface (buttons, touchscreens, signal 
sounds and lights, printed document etc.) on the robot and at the user computer interface at 
each station. 

 3.2.6 Customer service quality 
All aspects related to the transportation service builds up the perceived service quality by the 
user. However it is reasonable and required to analyze a logistic system deterministically as it 
has been done throughout this study, on the other side of the coin, the part of quality which is 
depending on user satisfaction; “quality is a comparison between expectations and 
performance” (Parasuraman, Zeithalm, & Berry, 1985) should also be considered in the design 
and implementation of any service system. 

Regarding the definition, the system should be able to notify the user if it is predicted that it is 
not possible to pick up the goods within the limits defined by the user. Number of requests that 
can not be picked up within the limits defined by the user can be used to assess the perceived 
quality of service. 

Additionally, -being within the limits defined by user- the waiting time for a pick up is another 
measure of quality of the service and also a measure of system performance. 
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 3.3 Logistic computer logic design 
As it has been introduced in the previous sections the main task for the logistic computer is to 
plan/schedule the task assignments for the robot to meet the specifications of the transport 
demand in accordance with the logistic performance goals presented in previous section, 
however it is not the only factor to be considered, since the system is combination of other 
subsystems. 

In order to be able to design a system that can meet the transport requirements, it is necessary 
to know some of the attributes of customer demand for transportation at the hospital. Figure 7 
gives a high level overview of the system including; Users, logistic computer and robots. 

 

Figure 7- Time sequence of events after request arrival 

 3.3.1 Characteristics of transportation demand at hospitals 

 3.3.1.1 Request arrival distribution 
Hospitals are public health care service facilities, the total of all activities in the hospital, 
therefore also internal transportation activities depend on the amount of customers/patients 
demanding service inside the facility. According to the study made by Robcab AB in 
collaboration with a mid-sized hospital in Sweden, the transportation demand at a hospital is 
expected to change depending on time of day as in Figure 9. 
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As can be seen on Figure 9, after 18:00 in the evening and before 8:00 in the morning, the 
transportation demand is decreased. Regarding this fact, this interval can be utilized by robots 
by undertaking tasks which would not be necessarily done during the rush hours of the 
hospital. 

 3.3.1.2 Request execution time requirement attributes 
Regarding the typical nature of transportation demand at hospitals, timing attributes that can 
be set by users for transportation demands are identified and defined as follows; 

 o Task now (TN) are tasks which the user requires that the goods will be picked as soon as 
possible. 

 o Task fixed (TF) are tasks which are known before the required pick up time and the user 
requires that the goods will be picked at an exact time during the day. 

 o Task within (TW) are tasks which the user defines a time interval within which the goods 
can be picked. (ex: goods to be picked at any time within 5 hours from now) 

According to these attributes set by the user, logistic computer will arrange a pick up time and a 
robot which will execute the requested task. As can be deduced from the timing nature of these 
types of tasks, tasked fixed and task within types are allowing for flexibility and planning since 
they are known before the required execution time. How this flexibility can be utilized will be 
discussed in the next section.  
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 3.4 Lean look to mobile robot transportation system 
Lean manufacturing has been an increasingly popular strategy as organizations are striving to 
increase material flow and reduce wastes.  

In a manufacturing environment, transportation activities are defined as one of the seven 
sources of waste. (Wastes in lean philosophy are defined as; over production, inventory, 
correction, over processing, motion, waiting, transportation). (Liker, 2003) 

However when the main service produced by the organization/system is “transportation”, 
which is also the case for the system in focus of this study, the usual definitions of waste, that 
are originally defined for manufacturing environments, are not directly applicable. Therefore it 
is necessary to take look at the fundamental definition of goals for lean philosophy to be able to 
determine value adding/non value adding activities for a transportation system. 

A common definition of lean philosophy is “Lean is a set of tools to reduce waste, where waste 
is defined as any non-value added process. A non-value added process is defined as any process 
for which the customer is not willingly to pay.” (Taylor & Martichenko, 2006) In the case of 
system studied here, customers are the users at wards sending transportation requests to the 
logistic computer. 

 

Figure 9 - User perspective look to the system 
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Figure 10 - Value adding activity of the system 

As presented on Figure 10 the phase of the process marked by 2, is the actual service, 
transportation of goods, which the user is willing to pay for. And during phase 1 of the process, 
the user is waiting for service and robot is generating extra route costs. 

In a perfect system, the user would not wait for service once a request of type task now 
(defined in previous section) is made, a robot would be available instantly to pick up the goods 
at the required pick up station. Naturally, this would be possible theoretically, where there is 
large number of robots available at every pick up station in the system. 

Considering the nature of transportation demand in hospitals, where transportation demands 
from multiple varying points to multiple varying points occur in time, it can be stated that the 
effect of time spent during conceptual phase 1 in Figure 10 on delivery performance is not 
negligible. However, naturally it would not be possible to eliminate this period completely, it is 
possible to quantify the effectiveness of attempts to improve delivery performance of the 
system, related to system planning and physical structure, by using the concepts and methods 
described in this section. 
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 3.4.1.1 Activities of robots 
As a part of their function, a robots time is distributed into following activities during a day; 

 • Travel to pick up stations (unloaded) 
Includes the time robot spends travelling to pick up stations as ordered by logistic 
computer. This period can be considered as non-value adding because the robot is not 
producing the transportation service but still generating the route costs. 

 • Wait at pick up stations 
For type task fixed requests, the robot needs to wait at pick up station until the pickup 
time or be preoccupied some time before the required pickup time to ensure that robot 
is at the station at the right time. This activity is considered as non-value adding for that 
the robot is not producing the service, but still being occupied by waiting. 

 • Travel to delivery stations (loaded) 
Includes the time robot travels loaded between stations, robot is producing the service. 
This is the main value adding activity in the transportation system. 

 • Travel to charging stations when free 
The robot has a limited source of energy stored in its batteries; therefore it is required 
to recharge the batteries when possible in the day. This time includes the time robot 
takes to travel to charging stations during the day. Even though the robot is free at this 
period, it is generating route costs by travelling to charging station. Therefore this 
activity is considered as non-value adding. 

 • Charge batteries when there are no tasks assigned 
Includes the time robot spends at charging station when there are not tasks assigned to 
it, which also means that the robot is free. However this activity is surely not the main 
task of the transportation system it is considered as a value adding activity because it is 
generating resources for the robot to use in its activities. 

 • Travel to charging station when battery level is low 
When battery level is below a certain limit the robot cannot undertake new tasks, 
therefore it is necessary to travel to a charging station to recharge the battery. Even 
though this activity is required for the functioning of the robot, it is not what the user is 
willing to pay for. It is conceptually similar to an operator moving to a station to operate 
the machine. Therefore this activity is considered as non-value adding. 

 • Charge batteries when battery level is low 
Includes the time spent by the robot at charging station to charge the battery to a 
predefined level after which the robot can start undertaking new tasks. However this 
activity can essentially said to be hindering the system performance; it is obvious that 
without power source robot cannot undertake any tasks. Therefore it is considered as a 
value adding activity. 
 

In this study authors have focused on the activities of robot which are related to the algorithms 
in logistic computer. However the whole system can be analyzed from lean perspective. 
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 4 Literature Study: Investigation of solution methods 

 4.1 Simulation 
Simulation is a method which the analysts by computer models or manually imitate the 
operation of a real world process or system and investigate the systems behavior using the 
model by experimenting on the model using different the input data. The model should behave 
similar to the real system as much as possible, regarding the purpose of simulation, so that the 
output from the experiments can reliably predict the behavior of the real system. 

Simulation environments usually provide an infrastructure for the flow of entities which 
represent the objects of interest in the real system and can be assigned attributes to form the 
structure of the relationships between items and other system components which act on the 
items. 

Simulation is a powerful aid in problem solving, predicting the behavior of a real system, 
simulation can be both serve for analysis and design purposes, that can be used with systems 
that does not exist yet or to experiment on systems without making the actual changes in the 
real system; therefore reducing the costs and risks which may be caused by these experiments. 

In most cases, real life systems are combinations of multiple complex subsystems, which make 
it virtually impossible to simulate by purely mathematical models, it is also therefore preferable 
to develop simulation models to imitate the behavior of these complex real systems. 

 4.2 When simulation should be used 
Simulation and modeling is an essential tool used in many industrial applications today for the 
following purposes and more; 

 • Analyzing performance 
 • Validating a design 
 • Demonstrating/Visualizing operations 
 • Testing hypothesis 

In most industries today, simulation is considered as a requirement prior to all major 
investments on capital (Banks, 1998). However, a question that is mostly overlooked but 
necessary to ask is that; “Is simulation modeling the right tool for the problem?” Following 
statements should be checked before simulation is selected as the right tool to solve a problem. 
The following statements can be grouped in two categories; as theoretical and practical 
considerations. This section is based on the book “Handbook of Simulation: Principles, 
Methodology, Advances, Application and Practice” 

 • Theoretical considerations 
 o Problem can be solved using common sense analysis 
 o Problem can be solved analytically 
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 • Practical considerations 
 o It is easier to perform experiments directly on the real system 
 o The cost of simulation exceeds possible savings 
 o Proper resources are not available for the simulation project 
 o There is not enough time for the simulation results to be used for decision support 
 o There are no reliable input data estimates 
 o The model cannot be verified or validated 
 o Project expectations cannot be met 
 o System behavior is too complex and behavior concepts cannot be abstracted into a 

model 

This section will present guidelines to consider to understand if simulation modeling is the right 
tool or not to solve a problem, based on the statements above. 

 4.2.1.1 Problem can be solved using common sense analysis 
Consider a simple bank teller example; where customers arrive at a rate of 100 per hour and 
the average time to serve a customer varies but averages at 5 minutes/customer. What is the 
number of tellers required? 

For the solution of the simple example problem above; 

𝑐 > 𝜆
𝜇

 

𝑐 >
100
12

= 8,33 

 

The described problem could easily be solved using simple equations hence it would not be 
necessary to use simulation models to solve this type of problems, that does not exhibit high 
complexity. 

 4.2.1.2 Problem can be solved analytically 
Steady state queuing problems (steady state: distribution of number of customers in the system 
is stationary) can be solved using closed form expressions, which is a simpler method than 
simulation for systems which are not complex. An example to this kind of problem is as such; 
“for the problem above, assuming that all times are exponentially distributed, how long do the 
customers wait in the queue?” 

This problem could be solved by using Markovian queuing theory and Little’s equation. 
Therefore it would not be necessary to use simulation in this case. 

 

 

 

c: number of tellers needed 
λ: Customer arrival rate 
μ: Required service rate 
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 4.2.1.3 It is easier to perform experiments directly on the real system 
However, industrial systems are usually time consuming, risky or impossible to experiment 
with. In cases where the risks and costs of performing experiments (and related consequences 
of changes on the real system) are less than those resulting from simulation experiments, direct 
experimentation on the real system can be considered. Additionally, direct experimentation will 
remove problems related to model validity and verification. 

 4.2.1.4 Cost of simulation exceeds possible savings 
However a simulation model will always bring qualitative benefits, the resources spent 
throughout the simulation project (monetary resources, time spent, etc.) may exceed the 
expected savings that may be generated by the use of the simulation model. Monetary cost of a 
complex simulation problem can easily run to tens of thousands of dollars. 

Generally speaking, for a simulation project, the total costs generated by the project should be 
compared against expected savings and cost avoidances. 

 4.2.1.5 Proper resources are not available for the project 
Similar to other types of project the essential resources for a simulation project can be listed as 
such; 

 • Skills 
 • Tools (simulation software) 
 • Funding 
 • Time 

Despite the advances in the qualities of simulation software, the quality of the result of a 
simulation project is still up to the skills coming from people who are educated and experienced 
in simulation, are to be able to understand a problem and able to translate it into a simulation 
model. 

 4.2.1.6 There Isn't Enough Time for the Model Results to Be Useful 
Time problems in a simulation project are likely to be faced and for following reasons; 

 • A short schedule was estimated at the beginning given the complexity of the problem 
 • Model development and testing takes longer than expected 

Just like other kinds of industrial projects, experience in a similar project can help for estimating 
the right amount of time for a simulation project. When a simulation project is running out of 
time, the reason can be the amount of time spent on model development and testing which is 
closely related to the amount of detail and complexity in the model. Therefore realistic 
expectations and goals must be set for the amount of detail and complexity expected from a 
model, which also should be supported by a well formulated problem to be solved. The decision 
made about the expected level of detail and complexity from the model should be made 
properly. However, it is common that management may have unreasonable expectations – in 
terms of expected qualities from the model within the limited amount of time available for 
model development, (Banks, 1998). 
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 4.2.1.7 There is not reliable input data for the model 
For any simulation model, the accuracy of the model is strictly dependent on the quality of the 
input data. Therefore reliable input data should always be obtained for a simulation model. 
However if no estimates exist for some parameters, it is naturally possible to make sensitivity 
analysis by more coarse estimates about these parameters. 

 4.2.1.8 The Model Cannot Be Verified or Validated 
If model development process have been taken longer than expected in a simulation project, it 
is likely that project schedule might be too tight for model proper verification and validation 
especially for complex systems. Therefore a model must be verified and validated before it can 
be used for decision support. 

 4.2.1.9 Project Expectations Cannot Be Met 
The developed simulation model should be able to meet the project expectations especially in 
terms of execution speed and amount of complexity included. 

 4.2.1.10 System Behavior Is Too Complex to be defined and modeled 
Some systems can be too complex to model and define their behavior, especially in cases 
where the behavior of a system changes depending on the input from other complex 
subsystems, which there is no information about, it may be not possible to develop an accurate 
model within a limited amount of time. Therefore as a rule of thumb, sufficient information is 
required about a system so that it can be modeled and it must be possible to make reliable 
estimates and guesses about system behavior, to be able to build a simulation model. 

 4.3 Choice of simulation as tool 
Regarding the considerations previously mentioned, the capabilities of advanced simulation 
software, and skills/education of the authors of this thesis, simulation has been selected as the 
right tool to accomplish the goals of the project undertaken in this study. 
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 4.4 Implementation platforms 
After determining that simulation is the method of choice for solution of the described 
problem, it is necessary to decide the implementation platform for the simulation model. At 
this point two options can be considered as the implementation platform; 

 • Implementing the model in a general purpose programming language 
 • Implementing the model in a simulation language used in an exclusive simulation 

environment 

The decision of the implementation platform is one of the important milestones in a simulation 
project which requires general knowledge of simulation languages and environment and 
general knowledge of general purpose programming languages. In the following sections 
general knowledge of both these types of languages are presented with emphasis on 
applications of developing simulation models. 

 4.4.1 General purpose programming languages 
There are many examples of simulation models developed using general purpose conventional 
programming languages like C, C++, Basic etc. Some of the essential structures almost all 
simulation models need are as such; random number streams, statistical output collectors, 
resources, items and queues. For the most of the simulation models developed using general 
purpose languages it is needed to spend significant effort to develop the necessary 
infrastructure and functions for simulation, which are readily provided to the user by exclusive 
simulation languages by means of basic building blocks and functions. (Dulgeroglu, 1994) 

In addition to the infrastructural components mentioned above, for the operation of the 
simulation model in time dimension, it is essential to take care of the elapsing simulation time, 
registering events to time points and considering events that take place at same instant in 
simulation time. These concepts are also common aspects of simulation models which do not 
directly fit into general purpose programming languages. The process of developing this 
structure will take significant amount of effort from the programmer and limit the scale of the 
simulation model smaller sizes. 

Besides the process of testing, debugging and verification of the model for the concepts 
abstracted from the real system under consideration, the basic infrastructure of the system will 
also need to pass from the same rigorous process, which will bias the effort given towards the 
basic infrastructure. 

A strong advantage of simulation is that; it allows the analyst to incorporate stochastic 
components into the model which makes the behavior of the model more similar to the 
behavior of the real system under consideration. The complex and dynamic relationships 
between these components can also cause complications for development in a general purpose 
programming language. 

As a result, except for the special cases in which it is not possible to have a feasible solution 
using readily available simulation languages, the authors believe there are numerous 
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advantages in implementing simulation models using simulation languages which are specially 
developed for this purpose, rather than using general purpose programming languages. 

 4.4.2 Simulation languages 
Using simulation languages will reduce the development time and allow for biasing the effort 
spent towards the implementation of concepts abstracted from the real system and remove 
the risks and costs related to the developing the basic infrastructure from scratch. Basic 
building block such as; items, resources, queues, random number generators with numerous 
distributions and statistical data collecting components are readily provided to the developer.  

Most importantly the concept of elapsing time is naturally supported in simulation languages, 
which removes the burden of developing related data structures and functions, which can be 
error-prone and cumbersome. (Dulgeroglu, 1994) 

As a result, the analyst can concentrate on implementing the concepts from the real system 
instead of spending effort on building the essential infrastructure and mechanisms that are 
needed to create a simulation environment. 

Besides these, simulation languages are usually used in their exclusive environment which 
might be considered by developers as an aspect reducing flexibility and generality. However 
most simulation languages provide an open interface and allow for communication with 
external components when necessary. 

 4.5 Choice of implementation environment 
As has been discussed in the previous sections, the semantic difference between conventional 
programming languages and simulation concepts makes the implementation of simulation 
models using conventional programming languages unnatural. Implementing simulation models 
using general purpose programming will increase the amount of related project risks and 
resources allocated to the project. However it is theoretically possible to implement any 
simulation model using conventional programming languages as well, this will cause significant 
difficulties throughout the project and product lifecycle in following areas; 

 • Validation and verification of the concepts abstracted from the real system and the 
required substructures for simulation 

 • Maintaining the developed system 
 • Debugging of the developed system 
 • Further extending the capabilities of the simulation system 

Investments made in simulation packages almost always pay-off both in academic and 
industrial environments, (Dulgeroglu, 1994). 
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 4.5.1 Choice of simulation software package 
Once the decision to use a proprietary simulation environment is made, there are several 
different simulation software packages which can be used to develop the model. For this case 
authors have defined following qualities to be expected from the simulation package regarding 
these considerations; 

 Lower software license cost 
 Former knowledge of using the method/software 
 Industrially acknowledged software  
 Providing the necessary environment to achieve the specified project goals 
 Considerations for extending functionality in the future 

 
 
With following qualities expected by the authors from the simulation software; 

• Open architecture: Ability to read/write excel sheets/text files etc. or databases to be 
able to have the interface to other software and support the modular structure. 

• Graphical model programming: Easy model programming to focus the effort on the 
model validity, higher quality in analysis and abstraction of the concepts from the real-
system and process visibility to users/modelers and ability to have a simple user 
interface for some user- functions. 

• Implementing complex structures: Possibility to implement the required advanced 
structures by programming when necessary besides graphical programming and building 
blocks. 

 

The authors have concluded that ExtendSim simulation software (ExtendSim – Advanced 
Technology package) can satisfy these requirements and provide the environment to develop 
the simulation system to achieve the formerly specified project goals. 
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 4.6 Lifecycle of a simulation study 

 

Figure 11 - Lifecycle of a simulation study  (Balci, 1990) 
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The main product of a simulation project is the simulation model. A simulation model should 
receive the right input, give the right output within reasonable time span and model the right 
problem, so that it can be used for decision support.  

The key to success in a simulation study is to follow a comprehensive life cycle structure in a 
structured manner. 

Processes in a simulation study are as follows (also seen on Figure 10); 

  Problem formulation 
  Investigation of solution techniques 
  System investigation 
  Model formulation 
  Model representation 
  Model programming 
  Design of experiments 
  Experimentation 
  Redefinition 
  Presentation of simulation results 

Steps in a simulation study are iterative and reverse transitions are also expected to take place 
between each step. Figure 11 shows the typical steps in the lifecycle of a simulation study 
which also has been followed in the study conducted for this thesis. The dashed line in Figure 5 
represents the general direction of development during the lifecycle and bold lines represent 
the transitions between the steps. 

 4.6.1 Guidelines to avoid common mistakes made in simulation modeling projects 
However a well-structured approach is taken in a simulation project, mistakes are likely to be 
done usually caused by human factors. Therefore it is worthwhile to note some guidelines to 
avoid common mistakes. (Balci, 1990) 

 o Define the objectives concisely in the beginning of the study. 
 o Generate common understanding with management and modelers 
 o Communicate with decision makers throughout the project regularly 
 o Reliable input data should be made available 
 o Appropriate level of model detail should be implemented 
 o Simulation study should not be taken solely as an exercise in computer programming 
 o Appropriate selection of simulation software (flexibility vs. difficulty to use) 
 o Understand the underlying assumptions made by the software used 
 o Decision based on only observing animations can be misleading 
 o Replacing a random distribution with its mean value rigorously, will decrease accuracy 
 o Appropriate choice of probability distributions (Normal, uniform, triangular etc.) 
 o Consider that some models/systems may have warm up period, analysis should be made 

in the steady state period if that is the state of interest for the study 
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 5 Model Structure 

 5.1 Model architecture 
Before moving into the models logical structure, it is helpful and essential to understand the 
terminology and basic discrete-event simulation architecture used in ExtendSim. 

 5.1.1 Overview of discrete event models 
Discrete event models pass entities (items) from block to block as events occur during the 
simulation run. (Timings of events are controlled by a dedicated structure, briefly explained in 
next section.) Items are generated depending on random distributions with specific parameters, 
by a schedule or by a trigger to generate an item.  These items also carry properties attached to 
them through the system as they pass between blocks. Items are processed by activities that 
take place in the blocks. A model can be a combination of a continuous model and a discrete 
model. Continuous models utilize a flow of values instead of entities. 

 5.1.1.1 Event scheduling and execution 
ExtendSim moves items in a discrete event model only when an event happens. Events only 
occur when particular blocks specify that they should take place. A special block is dedicated to 
controlling and performing of event scheduling for discrete event models. Timings of events are 
recorded in event calendars. ExtendSim uses a two-stage event calendar; internal event 
calendars and executive event calendar. 

Internal event calendars; each block that has a time delay related to it, maintains its own event 
calendar and post the earliest event to the executive calendar. 

Executive event calendar; At each event, blocks that have posted an event to executive event 
calendar for the current time receive a message notifying them that the time has arrived for the 
event. After all of the blocks have received their messages, the time for the next event is 
determined. Through this event scheduling mechanism the simulation clock elapses from one 
event to next event.  

 5.1.1.2 Items and attributes 
Items are the basic units passed between blocks in a discrete event model. Items are individual 
entities that represent an element of the system being modeled. Different pieces of 
information are attached to items as properties (attributes) which make every item unique in 
the system. These attributes can then be read or written by other blocks in the model. (Imagine 
That Inc, 2010) 
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 5.2 Conceptual model formulation 
Since the transportation system in focus of this study is a complex system, the authors have 
modeled the system by dividing the system into groups of less complex subsystems (divide and 
conquer strategy). Each subsystem is then modeled and assembled together, which yields a 
global model of the whole transportation system. 

To identify the different subsystems, authors have taken a functionality based approach, which 
identifies and separates the subsystems by their functions. Figure 12 shows a high level 
overview of the system and the subsystems identified. Each subsystem is also a combination of 
less complex systems, which will be explained in next sections, those are not presented in this 
figure. 

Figure 12 - Model subsystems 

Subsystem 1 represents the users at the hospital (nurses or other authorized staff) inputting 
transportation requests, whenever the transportation needs are known during the day. The 
input from the user is stochastic based on the statistical data from the hospital. 

Subsystem 2 represents the logistic computer scheduling and planning the robots by assigning 
tasks to them according to its operating algorithms. Logistic computer has more subsystems 
involved for handling different conditions. 

Subsystem 3 represents the robots moving around the hospital picking/delivering loads, 
according to the orders received from the logistic computer. Subsystem 3 is composed of 
subsystem 3a and subsystem 3b.  

Subsystem 3a represents the robot navigating through the hospital facility, moving to the points 
ordered by logistic computer. Time it takes a robot to move between the points in the hospital 
facility depends on the pre-calculated input –based on robots speed and distance– and 
stochastic variable to represent unknown delays that might occur while the robot is navigating 
through the hospital facility. 
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Subsystem 3b represents the batteries in the robot. Robots consume battery during their 
operation at different rates depending on type of activity. Robots also recharge the battery 
depending on the orders coming from the logistic computer. 

 5.3 Request generator submodel (Subsystem 1) 

 

Figure 13 - Request generator submodel 

This submodel represents the user inputting a request to the system. Users input the requests 
whenever a transportation need is known. 

The submodel simulates request generation by the following conceptual steps; 

  Generate item 
An item is generated with time between arrivals defined by a probability distribution. 
The distribution parameters are defined for each different task and vary depending on 
time of day. 

  Write task ID and request arrival time 
Task ID is assigned to each item to identify which stream they originated from. Request 
arrival time is also registered at this step. 

  Write task attributes 
For each task ID, task attributes are predefined. These attributes are; Pick node, drop 
node, task type (TN/TF/TW), load type and time window. Task attributes, according to 
the task ID are written in this step. 
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 5.4 Logistic computer logic submodel (Subsystem 2) 
 

 

Figure 14 - Logistic computer submodel 

Logistic computer model is composed of following components also seen on figure above; 

  Primary evaluation 
  TF/TW handling 
  Assign task to a robot 

 5.4.1.1 Primary evaluation 
In this component, following operations take place in the item flow sequence; 

  Separation of charging requests; 
Charging request items are generated by the system internally which when send by the 
logistic computer to robots, orders the robots to move to the charging stations and stay 
there for the predefined amount of charging duration. 
This type of requests are already assigned to the particular robot and therefore do not 
need any processing in this part of the logistic computer. 

  Route or fail TN/TF/TW type requests 
When the robots in the system are busy, some requests may be not possible to be 
picked within the specified limits required hence they will be rejected by the nurses or 
rejected by LC for TF/TW type requests. 
 
Regarding the process, this component evaluates the earliest possible pickup time 
calculated against the requirements from the nurses, according to the result of the 
evaluation the item is routed for further processing depending on request type or 
routed to be recorded as failed. 
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 5.4.1.2 TF/TW handling 
TF/TW type requests are handled in two steps; 

  Check the system capacity for future availability; 
In this component, TF and TW type requests are recorded in a database where they are 
processed to check if they can be handled by the available future capacity of the system. 
The system capacity is essentially depending on the number of robots in the system and 
estimated duration for travelling between points in the system. 
Both TF and TW type requests are part of the future plan of the system therefore they 
are processed in a combined manner, being considered their effect on capacity. The 
algorithm checks the capacity for TF type requests and attempts to arrange the 
releasing deadlines for TW type requests. If any of TF or TW type requests are out of the 
capacity of the system, the related items are routed to be failed, the successful items 
are routed to a special queue, described in step B.  
 

  TF/TW queue 
In this step, TF/TW type items are placed in an intelligent queue where they wait to 
proceed to next component in logistic computer model. The algorithm for releasing 
these items to next component defines the behavior of logistic computer to utilize the 
flexibility offered by TW type items. The algorithm handling this queue recalculates 
whenever a variable effecting the state of the queue changes. 
 
For TF type items, the algorithm compares the required pick up time against the earliest 
possible pick up time. Additionally, a slack time is necessarily considered to pre occupy a 
robot before the required pickup time, so that it will not receive an order right before 
the required pick up time of TF type request. Then the item will proceed to next 
component in logistic computer. 
 
For TW type items, the algorithm compares the deadline against the earliest possible 
pick up time, also with the additional slack time similar to TF type requests. Besides, for 
this type of items, if the system has a robot which has no task written to its queue and is 
not undertaking any task currently, a TW type item will be released based on the sorting 
by deadline. Released item will be deleted from the related DB table. 
 

 5.4.1.3 Assign task to a robot 
This component receives item input of all three types of requests TN/TF/TW and passes them 
to the robots section as orders. The essential function is to assign the incoming items 
(representing requests) to robots which can pick up the goods the earliest. 
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 5.5 Robots submodel (Subsystem 3) 

 5.5.1 Route submodel (Subsystem 3a) 
 

 

Figure 15 - Route submodel 

Route submodel simulates the robot moving through the hospital facility depending on the 
predefined routes and route durations. The durations are also effected by stochastic effects to 
represent unpredictable delays that can occur while the robot is navigating. (People, objects, 
other robots etc. blocking the path) 

The actual submodel developed in the simulator is a combination of less complex 
subcomponents which are not displayed in the figure, for easier understanding. However the 
main components are as seen on Figure 15; 

  Queue 
  Travel to pick 
  Travel to drop 
  Travel to charge station when there are no tasks in the queue 

When items arrive they are placed in a FIFO queue where they wait for the robot to be free, 
when the robot is free one item is released from the queue. According to the attributes 
assigned to the item the robot starts travelling to required destinations with predefined route 
durations. Items are delayed in activity blocks which represent the time robot is moving 
between stations and loading/unloading goods (station time). 

After unloading the goods at delivery station, if the robot is free it will travel to a charging 
station, if there are still tasks in the queue to be undertaken, the robot will move for the next 
pick up. Which charging station the robot will move is predefined by model input parameters. 
This behavior is simulated by the last part of this submodel. 
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 5.5.2 Battery submodel (Subsystem 3b) 
 

Figure 16 - Battery submodel 

Battery submodel is composed of following components; 

  Charge rate control 
  Battery tank 
  Discharge rate control 

Charge rate control; Battery charge current changes depending on battery level, the 
information needed to model this behavior is in the form of an empirical table as; charge 
current vs. battery level. If the robot is at a charging station battery starts charging depending 
on the resulting value of the table lookup. 

Discharge rate control; This function discharges the battery when robot is in one of the states 
that consume battery. Discharge rate is varying depending on the kind of activity the robot 
undertakes, which are; 

  Travel unloaded 
  Wait at station 
  Travel loaded (and type of load) 

Battery tank; battery tank receives the input/output values resulting from the evaluations of 
charge/discharge rate control components and removes/adds them to the current contents of 
the battery tank. 

Also another function in battery submodel, lets the logistic computer send the robot to a 
charging station when the predicted battery level is low. 
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 6 Model validation and verification 

Simulation models are increasingly being used in decision support and problem solving in the 
industry. Model developers and users of these models are concerned with the correctness of 
the results obtained using the simulation model. These concerns are addressed by model 
verification and model validation processes as a part of the life cycle of a simulation project. 

Model validation, essentially, asks the question “Is the model solving the right problem for 
intended purpose?” Once this question is answered the model can be considered valid. As 
queried by this question, models are validated with respect to their usage purposes; therefore a 
model valid for one purpose may not be valid for another. 

Model verification asks the question “Is the model solving the defined problem and 
implemented in the right way?” Answering this question, verification ensures that the model is 
developed true to the conceptual model. Verification is usually done throughout the model 
development process by the modelers. 

After verification and validation a model can be accredited for use. Accreditation is defined as 
“acknowledgment of a simulation model and its related data to be used for the models specific 
usage purpose.” Following factors may help to build credibility for a simulation model. 

  Decision makers’ understanding and agreement with model assumptions 
  Decision makers’ involvement in the project 
  Demonstration of model validity 
  Reputation of model developers 
  Compelling animation 

However, an accredited model is not necessarily valid and vice versa. As it can be deduced, 
credibility can become more of a subjective matter. 

 6.1.1 Validation and verification techniques 
There are several model V&V techniques described in literature some of which are listed below. 
These techniques can be applied subjectively and objectively. Objectively meaning, model 
validation is done relying on statistical analysis of simulation results. Most often combinations 
of these techniques are used for model V&V, however not all of them may be suitable or 
necessary for every application. Based on Sargent, 2004; 

  Animation. Model behavior displayed graphically as the model executes. By observing 
the animation it is be possible to proof the behavior of the model to some extent. 

  Comparison to other models. Simulation results are compared to results obtained from 
other models which are known to be valid. 

  Degenerate test. Degeneracy of model behavior is tested by applying different input 
parameters and analyzing the output.  

  Event validity. Occurrences of events are compared to those in the real system. (Mainly 
for input parameters.) 
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  Extreme condition tests. Testing the model with extreme input parameters which are 
unlikely to be observed in reality, but help revealing the model behavior in a particular 
case. 

  Face validity. Validating the model behavior and input/output parameters by the values 
expected by experts in the particular field/system. 

  Historical data validation. Historical data from the real system is used as input/model 
parameters and model behavior/output is analyzed to validate the model. 

  Historical methods. Three methods, rationalism, empiricism and positive economics are 
used to validate a model. (named historical methods) Rationalism is basic logic 
deduction to analyze model behavior. Empiricism is validation through analyzing the 
outcomes of different inputs. Positive economics approach is validating the model by its 
ability to predict future state of the modeled system.  

  Internal validity. Several runs are made to analyze the variability of output under 
controlled input. If unexpected output variations are observed, model behavior is 
questionable. 

  Multi-stage validation. This technique is applied by using historical methods in a 
structured sequence as; Rationalism to develop the model, empiricism to validate 
outputs, positive economics to compare model output with real system output. 

  Operational graphics. Analyzing the dynamic behavior of model by observing the values 
of model variables during model execution. 

  Parameter variability/Sensitivity. Varying the input parameters in a controlled manner 
and analyzing output variables and system behavior, if those are sufficiently accurate. 

  Predictive validation.  Similar to positive economics method, models output parameters 
are used to forecast the future states of the real system and accuracy of the prediction 
is analyzed to validate the model. However many models are developed in occasions 
where no real system exists. 

  Traces. Flow of different types of items in the model is followed, walking through the 
model to ensure logical correctness and accuracy. 

  Turing tests. Model output and real system outputs are shown to experts in the area to 
check if model outputs are distinguishable from those of the real system. 

 6.2 Model Validation & Verification 
Model validation is an essential part of the lifecycle of a simulation project and it should be 
done and can be done for all models, whether the real system exists or not. In this study the 
authors have intermixed debugging, validation and verification tasks and practices with the 
model development which is a complex and iterative process and re-validations and re-
verifications have been done when necessary. Conceptual components of validation and 
verification processes are grouped and presented by these groups for easier understanding. 

 6.2.1 Model Validation 
Model validation activities have been carried out under following three conceptual phases; 
Conceptual model validation, operational validation, data validation. 
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 6.2.1.1 Conceptual model validation 
Conceptual model validation is essentially defined as, determining that the concepts abstracted 
to be modeled from the real system, are reasonable regarding the intended purpose for the use 
of the simulation model. All validation attempts are with regard to the intended usage purpose 
of the simulation model. The primary techniques applied in this step by the authors are face 
validation and trace analysis. 

Like most occasions in industry where simulation models are developed before the real systems 
exist; the system in focus of this study, is under development and not implemented as a real 
system yet, therefore understanding and expected design of the real system is communicated 
between the authors (model developers) and management by continuous meetings throughout 
the project. 

  Correctness of underlying data and assumptions 
The underlying data and assumptions are related to the following types of data used; 

  Information about the system under development and expectations/possibilities 
  Statistical input data 
  Logistic computer parameters 

Input data about timing and types of requests have been provided by RobCab AB. 
Additionally, data definitions have also been discussed thoroughly.  
 

  Conceptual model structure is reasonable for the intended purpose 
Face validation technique has been applied to ensure validity in this stage. Conceptual 
model has been formulated according to results of discussions with the management 
and acknowledged by the management. 

 6.2.1.2 Operational validation  
Operational validity is concerned with the evaluation of the accuracy of the output data from 
the simulation regarding the intended purpose of the model. 

The intended usage purpose of the developed model is; to be able to analyze the logistic 
capacity and performance of the transportation system, by means of varying request timings, 
charging center locations and so forth. Additionally, another purpose is to help on validating the 
proposed future design of the logistic computer logic in the real system. 

The main activity in operational validation is to compare output from the real system with the 
output from the model, however in this case, where the real system does not exist. This 
comparison is made between the model input/output behavior and the expected behavior 
from the model/real system. 
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Operational validity is ensured with following tests made on the model; 

  Animation 

The model environment used, offers the possibility to display animation based on model logic 
during model execution. Animations of entity flow have been observed with different operation 
scenarios to ensure the correctness and accuracy of logical behavior and output data in the 
model. 

  Extreme condition tests 

Output data from the model under extreme conditions of the input have been analyzed. 
Following input variable tests have been performed; 

  No user request during simulation time 
  Very low value for time between arrivals of requests 
  All incoming requests of same type; task now/task within/task fixed 

Parameters above being the control variables, following output variables are observed; 

 • Battery level graphs 
 • Number of requests failed for each type item and request attributes 
 • Number of requests executed for each type  
 • Number of requests generated for each type 

 
  Face validity 

During model development and startup phase of the project model developers have generated 
mutual understanding of the proposed real system and the model, with company management. 
The model has been face validated by company management and also the authors. 

  Internal validity 

Authors have made several runs with the model and analyzed the output. No variations beyond 
the limits of the stochastic variations of the model have been observed in the output data from 
the model. 

  Multi-stage validation 

Model has been developed with the notions of rationalism, empiricism and positive economics. 
However since the real system data is not available to compare, the expected output from the 
real system has been considered for validation. 

  Operational graphics 

The model developed by the authors allows for the graphical display of all model variables 
during model execution. The comparison of model behavior has been done through observing 
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these variables with several different sets of input data, during operation to ensure the validity 
of the models dynamic behavior.  

One important method used is to observe the battery level graphs to validate the dynamic 
behavior, following behavior have been observed in the graphs; 

  When robot carries different loads discharge rate is different, therefore the slope of the 
battery level graph should be changing accordingly. 

  When predicted battery level is below the low limit, robot receives a charging order. 
After this event robot moves to charging station and start charging. The changes in 
battery level can be observed in the graph. After staying at charging station for the 
predefined amount of time, -charging the battery, robot can undertake new tasks. 

  If robot is free after undertaking some tasks, it will travel to a charging station and 
charge the battery, this behavior can be seen on battery level graph. 

  Charge current curve is implemented into the battery component of the model. 
Therefore the change in charge current depending on battery voltage can be observed 
in the battery level graph. 
 
(Battery level graph demonstrating these behaviors are given in appendix)  
 

  Trace walkthrough 

Model outputs have been analyzed for each unique type of items that flow through model 
components. Animation and operational graphics have been profoundly used for this validation 
technique. 

 6.2.1.3 Data validity 
When data validity is discussed, data is considered as; all information which the modelers have 
about the system to build the conceptual model (behavioral data and statistical input data), all 
information about the real system which is used in model validation, data used to do 
experiments with the validated model. 

The main concern with data validity is that appropriate, sufficient and accurate data is available, 
at all these three areas mentioned in the paragraph above, input data used in the model are 
provided and approved by the company management and also discussed with the model 
developers (authors of this thesis). 

 6.2.2 Model verification 
Authors have applied most tests that have been used in validating the model also verifying the 
implementation of the model. Some of these tests have been carried out in form of execution 
debugging during model development and also on the final model. 

  Animation 

Animation option has been used extensively in form of execution debugging especially in the 
early phases of model development while forming the main structure of the system. 
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  Extreme condition tests 

Tests performed for validation are also used for verification purposes. 

  Internal validity 

Assuring internal validity has been an important part of the verification process because of the 
fact that stating the model is verified observing only one run might be misleading. Several runs 
have been made to assure internal verification. 

  Operational graphics 

Operational graphics have been extensively used for interactive debugging of the system. 
Interactive debugging allows for stepping each simulation step while viewing system 
parameters. This method has been utilized by the authors for the verification of ModL code in 
components developed. 

  Trace walkthrough 

As for model validation, model outputs and logic have been analyzed for each unique type of 
item that flow through model components. Animation and operational graphics have been 
profoundly used for these structured walkthroughs. 

  Model code checking 

Simulation environment used in this model (ExtendSim) offers a wide range of predefined 
library blocks for use in development. However, given the complexity and uniqueness of the 
modeled system and expected accuracy and usage purpose of the simulation model; several 
new components have been developed using ModL language. The source code has been 
checked extensively throughout the model development phase. 
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 7 Model Input and Output data 

 7.1 Input data 
Input data is imported from excel sheets to databases in ExtendSim. 

 7.1.1 Request generator input data 
A request is defined by the following attributes; 

• Request arrival time 
• Request list ID 
• Pick location 
• Drop location 
• Request type (TN, TF and TW) 

o Task fixed (TF) Pick up time requested by the user (Time of day the user requires 
the robot to be ready at the pickup location) 

o Task within (TW) Pick up time interval required by the user (Within X hours from 
the request arrival time) 

o Task now (TN) Pick up time required by the user is request arrival time. 
• Load type; Type1, type 2, type 3…. 

Following static input data is required to define these requests in the model; 

• Request arrival distribution 
o Time between arrivals for transport requests between every pick and drop 

location pair depending on time of day 
OR probability for the occurrence of a transport request between every pick and 
drop location depending on time of the day. 

• Pick location 
• Drop location 
• Request type (TF, TN, TW) Request type observed for each task. 

o Task now 
o Task fixed 
o Task within 

• Time window depending on request type 
• Load type, load type observed for each task. 

o Load type 1 
o Load type 2…. 
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 7.1.1.1 Request arrival distribution type 
For the selection of the distribution for time between arrivals of requests, exponential 
distribution and normal distribution is analyzed by the authors. Results from both experiments 
are given below. 

 

 

A test model has been developed and results from 100 runs have been recorded. According to 
the experiments and also as in several literatures as (Parola & Sciomachen, 2005), authors 
propose that exponential distribution is more accurate in reflecting the random timing nature 
of request arrivals. Therefore exponential distribution is used for time between arrivals of 
requests. 
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Figure 17 - Request arrivals using normal distribution for TBA 
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Figure 18 - Request arrivals using exponential distribution for TBA 
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 7.1.2 Route durations 
Route durations are defined as; floor times or elevator times between nodes. 

Route 
duration  
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e9
 

N
od

e1
0 

Node1 0 6.3 4.3 6.2 7.3 7.3 10.8 10.7 7.7 6.7 
Node2 6.3 0 2 3.9 5 5 12.3 12.2 9.2 8.2 
Node3 4.3 2 0 1.9 3 3 10.3 10.2 7.2 6.2 
Node4 6.2 3.9 1.9 0 1.1 1.1 12.2 12.1 9.1 8.1 
Node5 7.3 5 3 1.1 0 0 13.3 13.2 10.2 9.2 
Node6 7.3 5 3 1.1 0 0 13.3 13.2 10.2 9.2 
Node7 10.8 12.3 10.3 12.2 13.3 13.3 0 1.5 6.5 5.5 
Node8 10.7 12.2 10.2 12.1 13.2 13.2 1.5 0 6.4 5.4 
Node9 7.7 9.2 7.2 9.1 10.2 10.2 6.5 6.4 0 1 

Node10 6.7 8.2 6.2 8.1 9.2 9.2 5.5 5.4 1 0 

Figure 19 - Input table format for leg durations 

Robot travelling speed and traffic conditions change by night/day time and type of load 
therefore similar kind of tables are used for each pair of situations containing the relevant data. 

Additionally leg time is effected by stochastic delays, defined by a probability distribution. 

 7.1.3 Logistic computer parameters 
Logistic computer have several operational parameters. 

Physical parameters 

  Number of robots, total number of robots that will work in the system 
  Day time start, at what time daytime begins during a day. 
  Daytime end, at what time daytime finish during a day. (By minutes of day) 

Internal parameters 

  TW release slack time; this value adjusts how early TW will be released from queue to 
be assigned a robot. Roughly the TW releasing slack time should be half time of an 
average 1 order time, and decrease as the number of robots increase. The best value 
can be obtained by experimenting with the model. 
 

  TF releasing slack time, similar to TW releasing slack time. This value defines how long in 
advance the robot will be preoccupied by logistic computer for TF type orders. 
 

  TN slack time, TN type orders should be picked up within TN slack time, or they are 
refused by user. This value is used by the logic that simulates the behavior of users. 
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  TF/TW capacity checking time; is the average time required to complete 1 order. This 
value is used by logistic computer logic to check capacity and make a schedule for TF 
and TW type orders by comparing with the available robot time in the system.  
Capacity checking and scheduling is essentially based on testing the following 
statement; (Number of robots in the system>Number of orders within 1 order time) and 
rescheduling accordingly. If the list cannot be rescheduled according to the algorithm 
then the new request will be rejected. 

  Stochastic distribution parameters (min, max, most likely) for floor and elevator time.  
  Charging center location definitions, each station is assigned a charging center (a node 

with a charging station) where robot will be ordered to go according to the last node it 
has been. 
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1 2 
2 2 
3 6 
4 4 
5 4 
6 6 
7 2 
8 8 
9 4 

10 10 

Figure 20 - Charging center node table 

 7.1.4 Battery parameters 
  Battery capacity 
  Battery charging rate definition, empirical table by charge current vs. battery level 
  Low battery limit, when predicted battery level reaches this level robot is ordered to go 

to a charging center. 
  Obligatory charging time, after the robot reaches the charging center it will stay there 

for a predefined amount of time to recharge the battery. (for the case robot receive a 
recharge order from logistic computer) 
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 7.1.5 Load dependent parameters 
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Load1 -15 60 1 
Load2 6 60 1 
Load3 9 120 2 
Load4 12 120 2 

Figure 21 - Load dependent parameters input 

Different load types have different effects on the robots activities. These activities effected by 
load type are; consumption, time spent docking/undocking/detach/attaching, leg travel 
durations. Load1 one is designed as the charging order load. Speed index defines if the load 
type has an effect on leg time, different leg duration table are used depending on this 
parameter. (1: Without trailer, 2: With trailer) 

 7.1.6 Simulation parameters 
Simulation parameters are simulation run time and number of runs. Simulation run time is 
expected to be 24 hours, which is repeated by several runs. On deciding these parameters 
following factors should be considered; 

  Variability in model outputs, model should run long enough to generate the required 
statistical confidence in results. 
Regarding the expectation of company management to make 100 runs with the model, 
authors have studied and concluded that request generation part of the model can 
generate results with reasonable confidence level within 100 runs. 
 

  The intended purpose of simulation model requires that several experiments are 
conducted in reasonable amount of time. Therefore the model should be able to 
generate results with reasonable confidence level in reasonable amount of time.  
 
Execution speed is inversely proportional to the amount of detail implemented into the 
model and amount of visualization displayed. (Also number of events occurring, 
therefore execution speed can change depending on specific case) Currently the model 
can simulate 24 hours (1 run) of operation at this specific case in ca. 2 seconds in a usual 
PC with the thoroughly explained amount of model detail and logic. 
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 7.2 Output data 
The simulator developed by the authors has following intended usage purposes; 

  System dimensioning and performance analysis 
  Experimenting with different configurations 

Regarding these purposes, statistics on following output data is collected from the model and 
exported to Excel sheets; 

 • System utilization during the day 
 • Waiting time for TN type requests 
 • Number of request executed by robots 
 • Number of requests failed (TN/TF/TW) by time of day 
 • Time spent by robots on travelling to pick stations/travelling to delivery 

stations/travelling to charging stations when robots are free 
 • Number of charging orders sent by logistic computer 
 • Maximum number of robots located at charging centers at the same time 

Above mentioned statistical output is relying on output data collected from 100 runs. 

Besides it is possible to observe all model variables during the run, if desired. Some of these 
variables which might be of interest are as such; 

 o Set-point queue for every robot 
 o Battery level graphs 
 o TF/TW queue 
 o … 
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 8 Experiments 

The simulator developed by the authors has following intended usage purposes; 

  System dimensioning and performance analysis 
  Experimenting with different configurations 

 8.1 Scenario 1 
Runs have been made for the case of proposed installation using the input data provided by 
company management. This scenario assumes 2 robots are used. Following output results have 
been obtained from 100 runs with the current system configuration. 

 8.1.1 System utilization 

 

As can be seen on the graph, even during the peak hours two robots are not totally occupied so 
it could be possible to add some more tasks to the system. And during the night hours 
utilization is very low, therefore some tasks could naturally be undertaken at night time to 
utilize this capacity. 

However according to utilization graph system can handle more orders even during peak hours, 
detailed statistics about failed requests and battery levels etc. should also be considered for 
those simulation scenarios. 

 

 

Figure 22 - System utilization (Scenario 1) 
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 8.1.2 Detailed activity statistics 
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  Number of charge orders 0 0 

   Number of requests 
executed 

63.54 1.342 

   Number of failed TF 0 0 
   Number of failed TN 4.14 0.5069 
    Number of failed TW 0.88 0.2381 

Figure 23 - Activity and request statistics 

In addition to overall utilization of robots it is worthwhile to look at the detailed statistics which 
reveal the activities the robot spend capacity on. 

Time the robots spend travelling to drop stations signifies the time hospital can benefit from 
the transportation system. A quick calculation (30%*24 hours ≈ 8 hours/day) reveals that this 
mid-sized hospital can save 8 hours every day from the time of nurses  –which will be returned 
as patient care— by utilizing the autonomous mobile robot transportation system in focus of 
this study. 

Separate statistics on activities as; TF wait at station, travel to charge, travel to drop, travel to 
pick is available from 100 runs. Significance of this information will be described in detail in the 
analysis section. 

Statistics also reveal the number of failed requests, which should always be considered since 
the transportation demand in hospital requires high robustness. 
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Figure 24 - Failed requests 

Authors have looked at the failed requests in the system from one of the example runs. As seen 
on table above, obtained from one of these runs, even if utilization levels are not very high in 
the system, longer queues can emerge and some requests will fail. Time to free signifies the 
time it will take until a robot will start moving to pick up station of a particular request. 

 8.1.3 Waiting time interval distribution 

 

 

 

Basing on 100 runs in the simulator waiting time for Task now type requests is expected to be 
as seen on the figure above using 2 robots and facility configuration for this specific case. 
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Figure 25 - Distribution of waiting time intervals 
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 8.1.4 Charging center capacity 
Another aspect related to dimensioning of the system is the number of charging stations at 
each charging center in the system. The model provides the information “maximum number of 
robots at a charging center at the same time during 24 hours” relying on statistics from 100 
runs. 

Station ID 
in 

simulation 

Avr. Max. 
number of 

robots 
1 1,68 
3 1,83 

13 1,78 
16 1,14 

Figure 26 - Maximum number of robots at charging centers 

The information provided by the model can be interpreted and used for decision support on 
deciding the number of charging stations at charging centers in the facility. As example, it could 
be said that 1 charging station at charging center 16 would be enough to satisfy the demand. 
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 8.2 Scenario 2 
This scenario assumes that the system has 1 robot to handle all the transportation. The rest of 
the system configuration parameters are kept same as scenario 1. 

 8.2.1 System utilization 
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Figure 27 - System utilization (scenario 2) 
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 8.2.2 Detailed activity statistics 
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Figure 28 - Detailed activity statistics 

 

 8.2.3 Waiting time interval distribution 
 

 

Figure 29 - Waiting time interval distribution (scenario 2) 
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 8.2.4 Charging center capacity 
 

Avr. Max 
number of 
robots at 

charging center 

Charge 
node 

ID 

1 1 
1 3 
1 13 

0.85 16 

Figure 30 - Maximum number of robots at charging centers (Scenario 2) 
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 8.3 Scenario 3 
Scenario 3 shares the same input with scenario 1; except for the configuration of charging 
centers in the facility and the algorithm to assign the robot to a charging station is slightly 
different. In this scenario, authors investigate the possibility of implementing different methods 
for sending the robots to charging stations in the simulator. 

In scenario 1; RobCab’s initial idea of sending the robot to nearest charging station when it is 
free has been applied. In other words, which charging station the robot will go, is depending on 
its current location. 

In scenario 3, which charging station the robot will go is determined by another algorithm 
basing on same physical configuration. Following results have been obtained from 100 runs. 

 

 8.3.1 System utilization 
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Figure 31 - System utilization (scenario 3) 
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 8.3.2 Detailed activity statistics 
 

      Mean Confidence 
interval 

U
til

iz
at

io
n 

St
at

is
tic

s 

Ac
tiv

ity
 

st
at

is
tic

s  
   

   
  

%
 ru

n 
tim

e TF wait at station 0.00% 0 

Travel to charge 0.77% 0.0000516 

Travel to drop 22.03% 0.004874 
Travel to pick 6.15% 0.003001 

Ch
ar

ge
 o

rd
er

 
st

at
is

tic
s TBA of charge orders 

(minutes)     

Number of charge orders 0 0 

  

Re
qu

es
t 

st
at

is
tic

s  
   

   
(#

 o
f r

eq
ue

st
s)

 

Requests succeeded 63.65 1.478 
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  Failed TW 1.03 0.2937 

Figure 32 - Detailed activity statistics (scenario 3) 

 8.3.3 Waiting time interval distribution 
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Figure 33 - Waiting time histogram (scenario 3) 
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 9 Analysis 

 

The figure above shows a more detailed histogram for distribution of time to be free in scenario 
1. As it can be deduced, a robot in the system starts to move for a request app. 70% within 1 
minute, and 20% within 5 minutes. 

 

 

However the system has a very high performance and reliability as seen from Figure 34, it is 
worthwhile to look deeper into the statistics. Figure above delivers the statistics obtained from 
scenario 1 configuration. Remembering the formerly mentioned classification of value adding 
and non-value adding activities in the system, %10 of the time spent by the robots is non-value 
adding for scenario 1; which directly influences the users’ experience of the system. 
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Figure 35 - Activity statistics of robots (scenario 1) 
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Figure 34 - Detailed histogram for scenario 1 
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Authors suggest that this non-value adding time is influenced by following factors; 

  Scheduling algorithms used by logistic computer 
  Physical locations of charging centers 
  Distribution of pick-up and delivery locations of requests 
  Timing of orders from logistic computer to robots 
  Number of robots in the system 

Current algorithm in logistic computer essentially runs with notion of satisfying the demand 
that -has been- input to the system as soon as possible. In this regard, it could be possible to 
benefit from forward looking algorithms, hence reducing the time spent by robots for travelling 
to pick stations. However as can be seen on the figure, for this particular case, the maximum 
benefit –which is only theoretically possible— would result in a %10 improvement in this 
parameter for this particular case. 

Additionally, comparing the values in Figure 32 and Figure 23, (13.06% and 8.71%) it can be 
seen that time spent by robots for travelling to pick stations will decrease as number of robots 
increase. Authors suggest that this effect is a result of wider spread physical distribution of 
robots inside the facility. 

Another method that can reduce non-value adding time is changing the location of charging 
centers, and the assigned delivery stations for each delivery station. However, the initial idea to 
assign the delivery stations to nearest charging stations can also be considered. Authors suggest 
that it can be worthwhile to investigate other solutions. However, these solutions have not 
been the major focus of this study. 

 

 

 

 

Scenario 3 Scenario 1 

Figure 36 - Comparison of scenario 3 and scenario 1 
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Authors developed an alternative method and experimented in scenario 3. The alternative 
algorithm for assigning charging stations resulted in a 2% reduction in non-value adding time. 
This reduction can result in a saving of (2%*1440 minutes ≈ 30 minutes) ca. 30 minutes from 
the system’s time per day. If looked relative to value adding time in the system –which is 22%, 
and considering the fact that this reduction happens during peak hours of the system, 
significance of this 2% can be seen clearly. 

 

 

Effect of the alternative method on user experience can be seen on this graph compared to 
method of assigning to nearest charging station. There can be several other methods for this 
strategy of the system, which may be analyzed in the future with further detail. 
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Figure 37 - Waiting time interval comparison 
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Furthermore, analysis using logical reasoning can give some insight which may be valuable 
information for system optimization in the future. Figure 38 shows an example hospital floor 
plan and transportation demand.  

Regarding RobCab’s initial idea of sending the robots to nearest charging stations when they 
are free after deliveries; For the example in figure 38, when robots deliver goods to Node 10, 
they will stay at the nearest charging station to node 10. However this charging station will be 
away from the nodes with most pickups, which will result in increased waiting times. Therefore 
this should be considered when placing the charging stations or creating the algorithm sending 
the robots to charging stations. 

According to the authors’ insights about the system and shown visually in the figure, free 
robots would preferably be located close to nodes where there are more pickups. Therefore, 
this creates the following parameters to consider for, where free robots should be located; 
travel duration to pick-up node and pickup demand at that node. Besides, the demand at every 
node changes by time of day so it may be necessary to be recalculated in time dimension also. 
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Free robots
Deliveries
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Figure 38 - Sample hospital floor plan and transportation demand 
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 10 Conclusions and future work 

In this thesis the authors have described an autonomous mobile robot transportation system 
intended to service in hospitals, also showing how the internal transportation system could be 
evaluated using the elements of delivery performance.  

The complexity in such a system (several interacting subcomponents with several variables) 
requires thorough investigation and insight to be able to develop efficient and effective 
operating strategies. Dimensioning and performance analysis of such system is a complex task 
which several parameters and dynamic effects are involved. All of these make the use of 
modeling and simulation techniques necessary to be able to generate a successful system 
design. 

Authors have developed a discrete-event simulation model in ExtendSim simulation 
environment. Several experiments performed have shown that discrete-event simulation is a 
viable technology for evaluating the capacity and performance of this system. Possibility of 
developing custom components using ModL language and additionally the possibility to use 
built-in blocks in ExtendSim has supplied good flexibility during model development. 

Besides, flow chart modeling approach in ExtendSim has been very helpful during model 
development. However, when it comes to modeling a high number of scenarios, and looking for 
flexibility, this approach has been falling short, related to the fact that item flow is modeled by 
physical connections between elements of the model. Therefore significant effort/time has 
been used in model development phase for developing components in ModL to be able to offer 
such flexibility. The model contains ca. 2200 blocks, 6000 connections and 90% of the 
components related to robots and logistic computer have been developed using ModL 
language. 

As a result of these efforts; a stochastic time model, which can do multi-run analysis and 
import/export input data/parameters and statistical results to Excel worksheets have been 
developed. The developed model and interface can also be used on other cases -for similar 
kinds of analysis- than the specific case which has been experimented during this study. 
However the current model is flexible and rescalable, it might be improved in some parts to be 
able to run faster and to expand the limits. 

Throughout the project, the phases of a simulation project, has been followed in a well- 
structured manner. Validation and verification has been a very important part of model 
development and several V&V techniques have been applied. Additionally, the list of guidelines 
to avoid common mistakes in simulation projects given in section 6.6.1 of this thesis has been 
profoundly experienced and been taken as a code for the authors through this project. 
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In context of the analysis made in this project, the authors find following points worthwhile to 
be marked;  

  As the number of robots in the system increase, a higher efficiency will be generated 
due to wider physical distribution of robots in the facility. 
Scenario 1, 2 Robot: time spent travelling to pick station 8.71% 
Scenario 2, 1 Robot: time spent travelling to pick station 13.06% 

  The users’ experience of the transportation service is essentially determined by “waiting 
time interval” as given in the statistics for each scenario experimented. Therefore it 
would be worthwhile to consider this parameter in the system redesign/design.   

  Authors believe that it is worthwhile to investigate different algorithms for assigning 
robots to go charging stations. As shown in scenario 3. 

  However, the general nature of request arrivals are not planned -most requests are of 
type task now- authors believe that the flexibility offered by other types of the requests 
can also be utilized in different ways such as minimizing route costs etc., which may also 
result in improvements in users’ experience. 

  Especially in design of larger systems, authors believe that some optimization can be 
applied which will also improve users’ experience. 

Authors believe that the system in focus of this study is very competent in the versatility and 
autonomous abilities of the robots. Naturally, this competence can be improved by applying 
intelligent planning methods in the future. Therefore simulation will always be a useful tool in 
evaluating these new approaches. 

 

 

 

 

 

 

 

 

 

 

 



 

61 
 

 11 Bibliography 

Anand, R. C. (1982). Internal transportation of supplies in hospitals. Health and Population - 
Perspectives & Issues, 244-258. 

Balci, O. (1990). Guidelines for Successful Simulation Studies. Proceedings of the 1990 Winter 
Simulation Conference.  

Banks, J. (Ed.). (1998). Handbook of Simulation: Principles, Methodology, Advances, Applications 
and Practice. Atlanta, Georgia: John Wiley&Sons. 

Carson, J. S. (1989). Verification and Validation: A Consultant's Perspective. Proceedings of the 
1989 Winter Simulation Conference, (pp. 552-558). 

Carson, J. S. (2002). Model Verification and Validation. Proceedings of the 2002 Winter 
Simulation Conference, (pp. 52-58). 

Dulgeroglu, O. (1994). Intelligent Simulation Modelling of a Flexible Manufacturing System with 
Automated Guided Vehicles. Oxford, Ohio: Miami University, School of Engineering & 
Applied Science. 

Granlund, A. (2011). Competitive Internal Logistic Systems Through Automation. Mälardalen 
University Press Licentiate Theses. Västerås, Sweden: Printed by Mälardalen University. 

Hewitt, W. C. (1999). Applying Simulation in a Consulting Environment: Tips from Airpot 
Planners. Proceedings of the 1999 Winter Simulation Conference, (pp. 67-71). 

Hillier, F., & Lieberman, G. (2001). Introduction to Operations Research, 7th Edition. McGraw-
Hill Higher Education. 

Imagine That Inc. (2010). ExtendSim 8 User Guide. USA. 

Imagine That Inc. (2010). ExtendSim 8 Developer Reference. USA. 

Law, A. M. (2005). How to Build Valid and Credible Simulation Models. Proceedings of the 2005 
Winter Simulation Conference.  

Lennartsson, D., & Månsson, P. (2004). A Simulation Program for Forecasts of production at 
TetraPak Packaging Material AB. Lund: Lund Institute of Packaging Logistics. 

Liker, J. (2003). The Toyota Way: 14 Management Principles. McGraw-Hill. 

McGregor, I. (2002). The Relationship between Simulation and Emulation. Proceedings of the 
2002 Winter Simulation Conference, (pp. 1683-1688). 

Merkuryev, Y., Merkuryeva, G., Piera, M., & Guasch, A. (Eds.). (2009). Simulation-Based Case 
Studies in Logistics. Springer-Verlag London Limited. 



 

62 
 

Nordgren, W. (1995). Steps for Proper Simulation Project Management. Proceesings of the 1995 
Winter Simulation Conference, (pp. 68-73). 

Özkil, A. G., AAnæs, H., Kristensen, J., Christensen, K., Zhun, F., & Dawids, S. (2009). Service 
Robots for Hospitals: A Case study of transportation tasks in a hospital. IEEE 
International Conference on Automation and Logistics. Shenyang. 

Parasuraman, A., Zeithalm, V., & Berry, L. (1985). A Conceptual Model of Service Quality and its 
Implications for future. Journal of Marketing, 41-50. 

Parola, F., & Sciomachen, A. (2005). Intermodal container flows in a port system 
network:Analysis of possible growths via simulation models. International Journal of 
Production Economics, 75-88. 

Paskhina, A., & Bengtsson, A. (2005). Storage Design at the Surgery Department of Varberg 
Hospital. Master thesis submitted to Göteborg University, School of Business, Economics 
and Law. 

Pidd, M. (2003). Tools for Thinking: Modelling in Management Science. John Wiley & Sons Ltd. 

Rabe, M., Spieckermann, S., & Wenzel, S. (2008). A New Procedure Model for Verification and 
Validation in Production and Logistic Simulation. Proceedings of the 2008 Winter 
Simulation Conference, (pp. 1717-1726). 

Robinson, S., & Pidd, M. (1998). Provider and customer expectations of successful of simulation 
projects. Journal of the Operational Research Society, 200-209. 

Sargent, R. G. (2004). Validation and Verification of Simulation Models. Proceedings of the 2004 
Winter Simulation Conference, (pp. 17-28). 

Solomenikovs, A. (2006). Simulation modelling and research of marine container terminal 
logistics. Doctoral thesis. Riga. 

Taylor, L., & Martichenko, R. (2006). Lean Transportation – Fact or Fiction? An Executive 
Whitepaper. FedEx. 

Yücel, D. N. (2005, September). Simulation of a Flexible Manufacturing System: A Pilot 
Implementation. A Thesis Submitted to the Graduate School of Natural and Applied 
Sciences of Middle East Technical University. Ankara, Turkey. 

 

 

 

 

 



 

63 
 

 12 Appendix 

Example battery level graphs in ExtendSim environment  
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High-level overview of model structure 

 

Sample visual model output 
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Requests processing part of developed logistic computer operation flowchart 
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Sample ModL code in ExtendSim environment 
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