
1 
 

Hierarchical Workflow Management 

System for Life Science Applications 
 

 

Dissertation 

zur 

Erlangung des akademischen Grades 

Doktor-Ingenieur (Dr.-Ing.) 

der Fakultät für Informatik und Elektrotechnik 

der Universität Rostock  

 

 

Submitted by: 

Xiangyu Gu, born on 25th, January 1987 in Dalian, China 

Rostock, Germany, 2018 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gutachter: 
Prof. Dr.-Ing. habil. Kerstin Thurow, Universität Rostock, IEF, Institut für 
Automatisierungstechnik 
Dr. Heidi Fleischer, Universität Rostock, IEF, Institut für Automatisierungstechnik 
Dr. Mo-Yuen Chow, North Carolina State University Raleigh 

 

Jahr der Einreichung: 2015 

Jahr der Verteidigung: 2018 



2 
 

Acknowledgment: 
 

This dissertation cannot be completed without the guidance and help form the 

following several persons. 

First of all, I would like to express my deep sense of gratitude and respect to my 

supervisors Prof. Dr. Kerstin Thurow and Prof. Dr. Norbert Stoll for their guidance, 

support and scientific foresight. Their knowledge helped me in the whole researching 

and dissertation process. Without their trust and motivation, it is impossible for me to 

complete this doctoral research. 

Furthermore, I would like to thank the leader of the research group "Life Science 

Automation - Information Technologies” Dr.-Ing. Sebastian Neubert for his continuous 

encouragement and support. 

Besides, I would like to extend my thank all my colleagues of the Institute of Automation 

and the Center for Life Science Automation (celisca). They are always so nice to support 

me when I met problems. Especially I’d like to thank Prof. Dr. Hui Liu, Dr. Steffen 

Junginger, Dr. Thomas Roddelkopf and Dipl.-Ing. Volker Gatz and for their professional 

guidance and helps in my work. 

Last, but most importantly, I would like to dedicate this thesis to my beloved family: my 

wife M.Sc. Nan Li, my father Mr. Chuanren Gu, my mother Mrs. Lanying Lu and my wife's 

mother Huiling Li, for their endless love, unparalleled support and massive 

encouragement throughout my life. 

 

  



3 
 

Abstract 
 

In modern laboratories, an increasing number of automated stations and instruments are 

applied as standalone automated systems such as biological high throughput screening systems, 

chemical parallel reactors etc. At the same time, the mobile robot transportation solution 

becomes popular with the development of robotic technologies. In this dissertation, a new 

superordinate control system, called hierarchical workflow management system (HWMS) is 

presented to manage and to handle both, automated laboratory systems and logistics systems. 

The new innovative points of this method are listed as follows: 

Firstly, a flexible hierarchical system structure is built for the HWMS, including workflow control 

layer, process control layer and instrument layer. This structure is compatible with various 

automated systems, devices and transportation management systems, which contain suitable 

web services for the communication and management. 

Secondly, a laboratory material management system (LMMS) is presented to integrate the 

environment and resources of the laboratories including locations, slots, automated systems, 

labware etc. This system offers necessary information to create processes, transportations and 

workflows via workflow planning system (WPS). 

Thirdly, a scheduling model was developed based on the strategy and constraint condition of 

the workflow execution. The fitness function of this model contains two parts: total execution 

duration and the balance score of the human and robot transportation. This balance score can 

adjust the scheduling result to adapt the changing of transportation resources. 

Fourthly, various algorithms for scheduling are provided to search for the optimal solution, 

including genetic algorithm and two further modified genetic algorithms. They are evaluated 

with two groups of parameters, which are simulated in static and dynamic scheduling scenarios. 

Based on the distribution of the scheduling results, the GASA and GAPSO are selected for static 

scheduling and dynamic scheduling respectively. 

Fifthly, a dynamic scheduling indicator is established to trigger the rescheduling procedure and 

offer the transportation-balance factor based on the status of the executing resources. The 

history data are used to train the artificial neural networks (ANN) and the ANN can generate 

suitable balance factor to adapt the resource changing due to the unexpected situations. 

Finally, a group of experiments is provided to demonstrate and check the performance and 

functionality of HWMS. A typical life science application was used to evaluate and verify the 

execution stability of HWMS. The results show that, HWMS enhances the efficiency and stability 

of the laboratories observably. 
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Zusammenfassung 
 

In modernen Labors werden immer mehr automatisierte Stationen und Instrumente als 

eigenständige automatisierte Systeme eingesetzt, wie  beispielsweise biologische High-

Throughput-Screening-Systeme und chemische Parallelreaktoren. Mit der Entwicklung der 

Robotertechnologien wird gleichzeitig die mobile Robotertransportlösung  populär. In der 

vorliegenden Arbeit wurde ein hierarchisches Verwaltungssystem für Abeitsablauf, welches 

auch als Workflow-Management-System (HWMS) bekannt ist, entwickelt. Das neue 

übergeordnete Kontrollsystem kann sowohl automatisierte Laborsysteme als auch 

Logistiksysteme verwalten und behandeln. Die innovativen Punkte dieser Methode sind wie 

folgt aufgelistet: 

Erstens wird eine flexible hierarchische Systemstruktur für das HWMS erstellt. In dieser 

Systemstruktur sind die Workflow-Kontrollschicht, die Prozesskontrollschicht, und der 

Instrumentenebene enthalten. Diese Struktur ist kompatibel mit verschiedenen 

automatisierten Systemen, Geräten und Transport-Management-Systemen, welche die 

geeignete Web-Services für die Kommunikation und die Verwaltung (das Management) 

beinhalten.  

Zweitens wird ein Labormanagementsystem (LMMS) vorgestellt, um die Umgebung und die 

Ressourcen der Labors zu integrieren. Davon sind beispielsweise Standorte, Steckplätze, 

automatisierte Systeme, Labware eingeschlossen. Durch das  Workflow-Planungssystem (WPS) 

bietet dies System die notwendigen Informationen zum Erstellen von Prozessen, Transporten 

und Workflows. 

Drittens wird ein auf der Strategie- und Einschränkungsbedingung der Ausführung des 

Abeitsablaufs basierendes Planungsmodell entwickelt. Die Fitness-Funktion dieses Modells 

besteht aus zwei Teilen: der Gesamtdauer der Ausführung und dem Balance-Score zwischen 

den Mensch- und Robotertransports. Dieser Ausgleichswert kann das Planungsergebnis 

anpassen, um die Änderung von Transportressourcen zu adaptieren. 

Nach der Einführung des Planungsmodells werden verschiedene Algorithmen für die Planung 

vorgestellt, um die optimalen Lösung zu suchen. In der Arbeit werden ein genetisches 

Algorithmus und zwei weiteren modifizierten genetischen Algorithmen dargestellt. In der 

Auswertung wird zuerst eine Parameterguppe bei der Simulation der statischen Planung 

benutzt. Zum Vergleich wird auch eine Simulation in dynamischen Planungsszenarien durch 

eine andere Parametergruppe durchgeführt.. Aufgrund der Verteilung der Planungsergebnisse 

werden GASA und GAPSO für die statische Planung bzw. dynamische Planung ausgewählt. 

Im Anschluss daran wird ein dynamischer Planungsindikator angezeigt, um das 

Umplanungsverfahren auszulösen und den auf dem Status der Transportressourcen 

basierenden Transportbilanzfaktor anzubieten. Um die künstliche neurale Netzwerke (ANN) zu 

trainieren werden die Verlaufsdaten verwendet. Das ANN kann einen geeigneten 
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Gleichgewichtsfaktor erzeugen, um die sich aufgrund der unerwarteten Situationen ändernden 

Ressourcen anzupassen. 

Abschließend wird eine Reihe von Experimenten bereitgestellt, um die Leistung und 

Funktionalität des HWMS zu demonstrieren und zu überprüfen. Beispielweise wurde eine 

typische Life-Science-Anwendung durchgeführt, um die Ausführungsstabilität des HWMS zu 

bewerten und zu verifizieren. Aus den Ergebnisse ist es ersichtlich, dass HWMS die Effizienz und 

Stabilität der Labore deutlich erhöht. 
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4.1.2 Data Management 

The data management system for the LMMS is a web-based system. The user, who has the 

extent of authority can edit the core data of the laboratories via any computer which connects 

to the internet. Of cause, this system shows the core data on the website (shown in Figure 31), 

which is helpful for the workflow designing. 

 

Figure 31 Website for data management in LMMS 

With the help of LMMS, user can check all the material data easily, which includes the 

information of current status of containers, slots and devices. These information is the base to 

design a workflow for the investigation. For the data security, not all the user can modify the 

core data of LMMS totally. The users are divided into three groups: administrator, researcher 

and assistant. Administrator has the highest authority to handle the whole database. 

Researcher can create and edit workflow data, which is not including the material data. 

Assistant is able to access all the data but cannot change anything. During the login process, 

LMMS recognizes the group information of the user and gives the user corresponding 

permission and this permission is also usable in the whole HWMS. 

The advantage of LMMS is that users can operate the system in anywhere and anytime when 

they have the internet connection. It is not limited by the operation system or platform. Even 

with a smartphone, users are able to search for their interested information. On the other hand, 

LMMS is a stand-alone system. Even during the execution, the access and storage of the system 

are not influenced. 
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Figure 32 Creation of new slot 

The laboratory environment is dynamic and flexible. There are always changes for the material 

data before and during the experiment. LMMS can be used to create new item such as container, 

slot, device, location etc. When there is a new slot, the new information can be insert into the 

database via the interface(webpage) as shown in Figure 32. The customized template and 

ergonomic design guide the user to make a creation easily and to avoid error. For example, the 

slot is related to a location or a device and the radio button for device and location decides 

which combo box is available, device or location. There are a lot of locations in the laboratory, 

so they are in a hierarchical structure. LMMS guides the user to select a correct location with 

related combo boxes. Of cause, when the user type in a wrong information, LMMS will notice 

the user to correct it before the creation. 

4.2 Workflow Planning System (WPS) 

Based on the LMMS, user can create specific processes via the Planning Editor. In the WPS, 

there are three kinds of objects: Process, Transportation and Workflow. Several processes and 

transportation form one workflow and the data structure is shown below. 

4.2.1 Data Structure 

The data structure of WPS is shown in Figure 21. 
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Figure 33 Data structure of WPS 

The ‘Process table’ contains all kinds of core data and it is the adapter to combine LMMS and 

WPS. There are two types of processes in this system – normal process and IO process. IO 

process is used to define the input and output for the workflow. It is a special kind of process, 

which is created in pare – one input and one output. The normal process has all the properties 

of the functions of the automated instrument or station. The connection between two 

processes is a transportation. It can be used to track samples and guide the transportation tasks. 

4.2.2 Process Management 

This section explains how to create and edit the ‘Process’. There are two kinds of processes in 

HWMS: normal process and IO process. The normal process is the representation of the activity 

of the automated systems and the IO process defines the input and output. 

As shown in Figure 34, one input and one output are created at the same time. Usually, when 

the user wants to add a sample to the workflow, the sample should be contained in a container 

such as “MTP 96x300μl” with the name “C02”. In the end of the workflow, it is necessary to 

store the sample in a specific slot. There are too many slots in the laboratory, so the location 

information is used to select the slot. 
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Figure 34 UI for IO Process creation 

Based on the information from LMMS, the slot information of the input container can be found 

in the background of WPS. Therefore, the user has not to type in the slot information of the 

input. The output slot is the final slot of the sample after the experiment. 

In addition, the valid check is implement before the creation. As the most important properties 

of container, footprint and height will influence the slot selection. Definitely, a tub is not able 

to be stored on the slot with “MTP Footprint” directly. In order to store more containers in a 

limited area, the height space of the slot has also limit. When the height of the container is 

higher than the limit of the slot, WPS will warn the user to change the slot. 
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Figure 35 UI for normal Process Creation 

Figure 35 presents the UI for normal process creation. In the created dialog, the table above 

includes the basic information of the new process such as location, device, project, method and 

families. The table below is appearing after the family’s number is selected, which shows the 

details of the method schedule from PCS. 

The essence of the normal process creation is to select one activity schedule form the data table 

‘DeviceMethodSchedule’ and each item correspond several items from the data table 

‘DeviceMethodScheduldeDetails’. These details are the core information for automatic 

execution and transportation tasks. There are over one thousand 

‘DeviceMethodScheduldeDetails’ in our laboratory and the number is still increasing. It is 

unbelievable to search them directly by users. They are stored in a hierarchical data structure 

with layers of location, device, project and method. Based on this structure, users can easily 

find the schedule of the activity. 

In order to avoid mistakes, the related combo boxes are used to search for the correct activity 

based on the hieratical structure. Furthermore, there is additional table showing the list of 

‘DeviceMethodScheduldeDetails’. This table can notice the user to choose the correct schedule. 

When the process is already created and needs to be changed, the process edition UI as shown 

in Figure 36 can modify the process. 
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Figure 36 UI for process edition 

Similar to the creation, the edition UI has the same type in structure. The only different part is 

the locked combo box of process type. The type of process cannot be changed in edition. For 

the input process, there is just container information and for output process, there is only slot 

information. 

4.2.3 Data Synchronization 

As explained in chapter 3, the activity of the automated system is controlled by the PCS or ICS 

in the local controller. The activity is created and modified via the local control system. On the 

other hand, the activity information is also stored in the database of HWMS. Once there is a 

change on the local control system, the changing should be reacted in HWMS.  

For the data synchronization, there are two kinds of solutions: periodic and event-driven. The 

advantage of periodic solution is to realize the procedure of data synchronization automatically. 

The frequency for synchronization should not be low. On the other hand, most of the activities 

will not be changed after the creation and even addition of new activities is not happened every 

day. The periodic synchronization is no necessary and wastes the system resource.  

Furthermore, the hierarchical data structure is suitable for the local update with event-driven. 

In other words, it is not necessary to update the whole data structure when there is only local 

stricture will be used. There are three levels in the system to synchronize data: device, project 
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and families. Here is an example to explain how to complete data synchronization of the device. 

Once the device has been selected, the Update button can be clicked to synchronize the project 

information. When the PCS is SAMI, the synchronization procedure is shown in Figure 37. 

 

Figure 37 Flowchart for data synchronization 

When the device has been selected, the device ID can be used to get the SAMI project list (Slist) 

form the PCS and the database project list (Dlist) form the WPS database. Then, each item of 

Slist will be checked, whether it exists in the Dlist. If yes, this item will be deleted in the Dlist. If 

no, this item will be added into the Dlist. When all the items have been checked, the remaining 

items in the Dlist are the redundant items, which are no longer useable. These items should be 

deleted from the database. 

Because of the hierarchical data structure, removing anything in the database requires extra 

care. Some data is not only related to the LMMS, but also to the WPS. When an item will be 

deleted, there is a special procedure for the deletion. Here is an example to show the procedure, 

when a method needs to be deleted as shown in Figure 38. 
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When a method needs to be deleted, the items related to this method should be deleted earlier 

in LMMS and WPS. For LMMS, the ”DeviceMethodSchedule” (MS) list is found. Each MS item is 

used to search for the ”DeviceMethodScheduldeDetails” (MSD) list. Then the list of MSD and 

this MS item will be deleted in order. All items in the MS list should repeat the search-delete 

procedure until the list is empty. At the same time, the process list, which relates this method 

is created. For each process item, the transportation list and workflow list are selected and 

deleted with this process item. When all process items are deleted, the data of WPS is ready for 

the deletion of this method. After the both procedure of LMMS and WPS, the method can be 

removed safely.  

This example presents the deletion of the method. For other parts such as device, MS, etc. each 

of them has a special procedure for its deletion. As the principle, the lower level data should be 

operated before the higher level and both LMMS and WPS should be searched and 

implemented.   

 

Figure 38 Flowchart for Method delete 

4.2.4 Workflow Management 

The process and transportation information are saved in the form of workflow in HWMS. After 

the designing of the workflow, it will be saved in the UI as shown below. 
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Figure 39 UI for saving Workflow 

The workflow name can be typed in here and later this name is used to search for this workflow 

not only for modification but also for execution. 

 

 

Figure 40 UI for loading a Workflow 

The dialog as shown in Figure 40 helps user to select one workflow which can be deleted or 

loaded to the work space. Then, this workflow can be checked and edited. 
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Figure 41 An example of a workflow 

In the workflow as shown in Figure 41, each box represents a process. The process name and 

device name are in the box. Various box colors present different type of the device. The green 

box is the analytical device for example. The solid circles in the left of the box are the input of 

the process and on the right side with black border are the output. Each color of the input and 

output represents various container templates. When the input and output are the same color, 

the connection is valid. If not, the planning editor will ignore it. The connection between two 
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processes is one transportation. The transportation has not only the information of source and 

target, but also the transportation type. There are three types of transportation: human 

assistant, mobile robot and dynamic. Human assistant can operate all the transportation tasks 

but the human resource in laboratories is quite limited because they have other manual 

operation tasks at the same time. Mobile robots are the new transporter in laboratories. It can 

work in 7/24 without any low level mistakes such as put the labware on a wrong slot. On the 

other hand, the special environment of the laboratory and the walking mechanisms of the 

mobile robot determine that, not all the slots can be reached by mobile robots. However, there 

are some transportation task can be operated by both human and robot. When the user does 

not want to choose one for the transportation, it is also possible to select the type by HWMS. 

At that time, the transportation type is dynamic as shown in the yellow label on the 

transportation line. 

4.3 Workflow Execution System (WES) 

This section explains the data structure of WES. In WES, there are two tables – Task and 

TaskStatus. The ‘Task table’ integrates the processes and transportations, which are the parts 

of the Workflow. Based on the result of the scheduler, these tasks will be executed one by one. 

4.3.1 Data Structure 

The data structure of WES is shown as Figure 42. The ‘Task table’ connects directly to the 

‘Process table’ and the ‘Transportation table’. The processes and transportations are 

transformed to tasks including P task and T task before execution. With the help of the initial 

task list, the static scheduler will generate a time schedule for the execution. This time schedule 

is saved in the task table. When the item of tasks is operated, the data is linked to the process 

or transportation table to get more detailed information. 
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Figure 42 Data structure of WES 

The TaskStatus is used to record the status of the Task’s. There are four statuses for task – 

Running, Finish, Block and Wait. The status helps the user to track the procedure of the 

execution, and it is the event to drive the procedure of the execution as well. 

4.3.2 Execution Management 

The execution management is used to handle workflows and monitor the procedure of the 

execution. With the help of the UI as shown in Figure 43, the workflows can be loaded into the 

WES. 

There are four statuses of the task in WES: ready, running, complete and failed. The table 

without background color is the status ready. That means this task is waiting for execution. 

During the execution, the background color of the task is yellow. When the task is completed 

successfully, the task is green, otherwise, is red. 
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Figure 43 Status monitor for WES 

Figure 44(a) shows the task list for the selected workflow. Compare with planning editor, in WES 

user can loads more than one workflows. In other words, the WES can handle more than one 

workflows at the same time. After the loading of workflows, the user needs to click the 

“Schedule” button to create a time schedule for the execution. Details of scheduling will be 

explained in next chapter. After the scheduling, the execution can be stated as shown in Figure 

44(b). When all transportation tasks, which relate to the process have been completed, the 

process is able to be started (Figure 44(c)). After all tasks are completed, the workflow is done 

as shown in Figure 44(e). 
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Figure 44 UI for workflow execution system 

 

(a) 

(b) 

(c) 

(d)

d 

(e) 
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4.3.3 Execution Strategy 

Before execution, the time schedule is generated to guide the operation procedure of the tasks. 

In order to guarantee the stability and safety of the laboratory, an event-driven strategy is 

adopted. The laboratory environment is dynamic and complex and it is distinguished from single 

system, which has several functions with constant operation duration. Some automated 

systems, which integrate various devices cannot guarantee the constant operation durations. 

Although the difference for the same activity is less than three minutes, it is not suitable to drive 

the procedure with time. On the other hand, the transportation time is more unstable because 

of the unexpected situation. 

The workflow has a “transportation-process-transportation” structure. The event, which is used 

to drive the execution is the status change of the transportation and process. The execution 

strategy is shown in Figure 45. 

 

Figure 45 Flowchart for execution strategy 

The steps represent the sequence of the transportation tasks. This sequence comes from the 

scheduler (see chapter 5) and is used to guide the execution procedure. The strategy details are 

explained as following: 
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 Based on the result of the scheduler, the execution procedure starts with begin step 

and the transportation task, which is defined as the begin step will be executed. Even 

the labware is already in the start slot of the process, there is a zero-duration 

transportation to transmit the container information for the execution. 

 When the first transportation task is completed, there are two checks: whether there 

is further step and whether the target process can be started. From here on, there are 

two independent operation loops. One is for transportation tasks and the other 

controls the process execution. 

 If there is further step for the transportation task, this step will be selected and 

operated later. If there is no further step, there are only two possibilities: the workflow 

is completed or the next step should wait for the process, which is still running. 

 For the process loop, the system checks whether the process can be start or not based 

on the completeness of transportation tasks. After the execution, the system will trigger 

the step, which is waiting for this process and operate the transportation task. Then, 

these two loops will be activated again. 

 The finish check is just searching, whether there are running transportation or process 

tasks. It is used to determine the completion of the execution. 

The execution strategy is absolutely based on the sequence of the transportation, because the 

execution procedure is driven by events. However, that not means the time schedule is useless. 

It is the reference for the later dynamic scheduling to face the unexpected situation. 

4.4 Error Handling 

There are two major sources of the errors existing in HWMS: Multiple Robot Management 

System (MRMS) and process control adapter system (PCAS). MRMS reports errors regarding the 

mobile robot transportation tasks and PCAS collects errors from various automated systems. 

When unexpected situations are arising during the workflow execution, the error informations 

are collected and handled by HWMS in the process control layer. The errors trigger the 

procedure of rescheduling as explained in Chapter 6. Different from the delay, all the errors 

need the human assistance. Therefore, the error message and assistance requirement will be 

sent immediately to HACS. 

The error message from MRMS is generated following the flowchart as shown in Figure 46. This 

message is used to guide the assistant to find the mobile robot and solve the problem based on 

the location information. Then the assistant needs to complete the transportation task instead 

of robot. When the task is finished, the assistant confirms the requirement and HWMS can 

continue the execution of the workflow. Some errors require more assistances. For example, 

when the robot cannot find the labware, it is possible that the Kinect sensor is not online. It 

makes sense to remind the human assistance to check the battery and connection status of the 

Kinect sensor. When the error message is generated, it will be sent to HACS for human 

assistance.  
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Figure 46 Flowchart for MRMS error message generation 

The error from PCAS can be directly sent to HACS. The dynamic scheduler needs to consider the 

suspended time of this automated system. When the error is solved, the process task is 

resumed and the workflow continues to be executed.  
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Chapter 5 Intelligent Scheduler 

Based on the discussion in chapter two and three, an intelligent scheduler is required for the 

resource allocation and the task distribution. In this chapter, the schedule model will be defined 

to transform the laboratory environment information to a specific model. Then, the scheduling 

strategy will be presented, which includes the basic scheduling structure and constraints. Based 

on the framework of the scheduler, the genetic algorithm and two modified genetic algorithms 

are implemented for the optimal solution searching. In the end, an experiment will be used to 

assess and compare the performance features of each algorithm and select the suitable 

algorithms. 

5.1 Schedule Model Definition 

The scheduling model is the bridge to connect the laboratory and the scheduler. On the one 

hand, the model offers parameters and constrains of the planned workflow for scheduling. On 

the other hand, the result of the scheduler can be translated to the form, which guides the 

operations of automated systems and the transportation tasks between them. Therefore, the 

scheduling model is a particular but simplified description of the laboratory. The particular 

details are the necessary information for executions and constrains. However, not all the details 

are helpful for scheduling and the simplification raises efficiency of the scheduler. 

There are two key foundation elements in the laboratory to be scheduled: resource and activity. 

They are defined respectively in the following part. 

5.1.1 Resource Definition 

Resource in the schedule model includes various labware and workstations. As the object of 

activity, labware contains samples and materials for execution. The set for labware, 𝐿𝑊  is 

described by the following definition.  

 

𝐿𝑊 = {𝐿𝑊𝑖 | 1 ≤ 𝑖 ≤ 𝐼} 

 

𝐿𝑊𝑖 = {𝐼𝐷𝐿𝑊𝑖, 𝐵𝑎𝑟𝑐𝑜𝑑𝑒, 𝐿𝑊𝑡𝑦𝑝𝑒, 𝐿𝑊𝑠𝑙𝑜𝑡, 𝐿𝑊𝑆𝑡𝑎𝑡𝑢𝑠} 

 

where, 

 𝐼 is the quantity of labware and 𝐿𝑊𝑖 is a single labware. 

 𝐼𝐷𝐿𝑊𝑖 and 𝐵𝑎𝑟𝑐𝑜𝑑𝑒 are used for the identification of the labware, which help users and 

the system to track samples. 
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 𝐿𝑊𝑡𝑦𝑝𝑒 is a specific parameter, which includes several properties of the labware such 

as length, width, height, capacity, footprint etc. 

 𝐿𝑊𝑠𝑙𝑜𝑡 is the slot, where this labware located. 

 𝐿𝑊𝑆𝑡𝑎𝑡𝑢𝑠 records the current status of the labware, whether it is empty or full. 

As the actor in the execution, the workstation set, 𝑊𝑆 is defined as below, 

 

𝑊𝑆 = {𝑊𝑆𝑗 | 1 ≤ 𝑗 ≤ 𝐽} 

 

𝑊𝑆𝑗 = {𝐼𝐷𝑊𝑆𝑗, 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛, 𝑃𝑗1, 𝑃𝑗2, … , 𝑃𝑗𝑘} 

 

where, 

 𝐽 is the quantity of the automated workstations and 𝑊𝑆𝑗 is a specific workstation. 

 𝐼𝐷𝑊𝑆𝑗 is the identification of the automated workstations. 

 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 is used to guide the transportation system to locate the workstation. 

 𝑃𝑗1, 𝑃𝑗2, … , 𝑃𝑗𝑘  are representations of the processes that will be executed on this 

workstation. 

5.1.2 Activity Definition 

The second key foundation element for scheduling is activity. There are two kinds of activity in 

automated laboratory: process and transportation. Process is the specific activity of automated 

workstation to implement one or several steps of the experiment. For the process set 𝑃 , 

 

𝑃 = {𝑃𝑘  | 1 ≤ 𝑘 ≤ 𝐾} 

 

𝑃𝑘 = {𝐼𝐷𝑃𝑘, 𝐼𝐷𝑊𝑆𝑗 , 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑃𝑘, 𝑠𝑇𝑃𝑘 , 𝑒𝑇𝑃𝑘} 

 

where, 

 𝐾 is the quantity of processes in the workflow and 𝑃𝑘 is a process. 

 𝐼𝐷𝑃𝑘 is the identification of a process. 

 𝐼𝐷𝑊𝑆𝑗 is the identification of the workstation, which is going to implement this process. 

 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑘 is the duration time of this process. 
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 𝑠𝑇𝑃𝑘 and 𝑒𝑇𝑃𝑘 record the start time and end time of this process. They are generated 

by the scheduler. 

Between two processes, there are at least one transportation to connect them. Transportation 

combines two stand-alone processes to enable a combined operation. Transportation also 

includes the dependent relationship between the source and target processes. This relationship 

will be discussed later. 

For the transportation set 𝑇 , 

 

𝑇 = {𝑇𝑚 | 1 ≤ 𝑚 ≤ 𝑀} 

 

𝑇𝑚 = {𝐼𝐷𝑇𝑚, 𝐼𝐷𝑃𝑆𝑜𝑢,  𝐼𝐷𝑃𝑇𝑎𝑟, 𝑇𝑟𝑎𝑛𝑇𝑦𝑝𝑒, 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑚, 𝑠𝑇𝑇𝑚, 𝑒𝑇𝑇𝑚} 

 

where, 

 𝑀 is the quantity of transportations in the workflow and 𝑇𝑚 is a single transportation 

task. 

 𝐼𝐷𝑇𝑚 is the identification of a transportation task. 

 𝐼𝐷𝑃𝑆𝑜𝑢 and 𝐼𝐷𝑃𝑇𝑎𝑟 are the identification parameters of the source and target process. 

 𝑇𝑟𝑎𝑛𝑇𝑦𝑝𝑒 and 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑚 present the type of transportation task and based on this 

type, which time is required for this task. 

 𝑠𝑇𝑇𝑚 and 𝑒𝑇𝑇𝑚 record the start time and end time of this transportation task. They are 

generated by the scheduler. 

5.1.3 Workflow Definition 

It is necessary to combine resources and activities together as a complete model package for 

the scheduling. This package is defined as Workflow. The Workflow 𝑊𝐹 

 

𝑊𝐹 = {𝐿𝑊, 𝑊𝑆, 𝑃, 𝑇} 

 

is defined as the workflow for the scheduling and execution. 

One workflow includes the resources and activities, which are required by the investigation. It 

not only offers detailed information of the laboratory environments and planned experiments 

to the scheduler, but also accepts and records the results of the scheduling. 
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5.2 Scheduling Strategy 

Based on the scheduling model, a scheduling strategy is used to guarantee that the resource is 

allocated reasonably and the processes are executed safely and stable with high efficiency and 

low cost. 

5.2.1 Scheduling Structure 

According the presentation of the scheduler in the concept part, the scheduler should be used 

in two different scenarios: static and dynamic scheduling. The former generates the initial 

schedule before the execution of the workflow and the latter handles the unexpected situations 

and resource changing during the execution. Both static and dynamic scheduling are utilizing 

the same data structure to accept workflow details and generate the time schedule.  

Following this strategy, the structure of the hybrid scheduler in this study is shown in Figure 47. 

 

Figure 47 Hybrid scheduling structure 

As the common component for static and dynamic scheduling, the Schedule Engine has two 

operation modes. For static scheduling mode, the Schedule Engine receives the workflow details, 

which include the detailed information and parameters of the activities that will be executed in 

the laboratory. At the same time, this information is sent to the Activity Status Recorder to build 

the storage structure. Based on the scheduling model, the Schedule Engine calculates the time 

schedule for the workflow and sends it to the Execution Controller to guide the execution by 
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the Transportation Management System and the Process Control Adapter System. The Activity 

Status Recorder requires the status of the execution as the regular feedback every second. 

When there is an unexpected event happening such as process task failure or transportation 

task delay, the Execution Controller will send a special feedback to the Rescheduling Indicator, 

which decides whether a rescheduling is required. If no, this unexpected event will be ignored. 

If yes, the Schedule Engine can calculate again with dynamic scheduling mode based on the 

workflow details and the current status of the execution. The result of the Schedule Engine is 

used to update the time schedule of the workflow for execution to finish the dynamic 

scheduling procedure. 

5.2.2 Scheduling Principle and Constraints 

In essence, the inputs of the scheduler are preprocessed attributes and constraints of activities, 

which are encapsulated into a schedule model. The goal of the scheduler is to create a timetable 

to handle activities of the workflow. This timetable is also presenting the sequence of activities. 

In other words, the time schedule problem can be transformed to the activity-sequence 

problem. The activity sequence determines both the schedule timetable and the resource 

allocation. In this thesis, there are two sub-sequences in the activity sequence: a process- and 

a transportation sequence. One process sequence can exist in more than one activity sequence. 

However, one transportation sequences with specific transportation type set correspond to a 

unique activity sequence based on the constraints, which are explained in the following part. 

Therefore, the scheduling problem is transformed to a finite transportation sequence searching 

problem. 

The role of constraints is particularly important for scheduling. Thus, two types of constraints 

are explained to improve the efficiency and accuracy of the scheduling approach.  

Process constraints:  

 One process is not allowed to begin until the processes and transportation tasks, which 

have higher priority are completed successfully.  

 One automation system can handle only one process of the same or a different 

workflow simultaneously. The process is allowed to be started unless the previous 

processes on the same automated workstation/integration system are completed.  

 The process should begin immediately if it satisfies the first condition. 

Transportation constraints: transportation is not allowed to begin until the process, which is 

the source of the transportation, is completed.  

These constraints are not only constraining the scheduling result, but also guiding the execution 

procedures. They are the fundamental that provide the security guarantee for automated 

workflow executions. 
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5.2.3 Scheduling Requirements Analysis 

Because of the different scenario, the requirements of static and dynamic scheduling are quite 

different as shown in Table 10. Following the progress of the workflow execution, the 

complexity of the workflow decreases due to the decreasing number of remaining unfinished 

activities. Therefore, the Complexity for static scheduling is higher than dynamic. Dynamic 

scheduling requires fast reaction speed and short computation time to minimize system latency 

and avoid further error. However, the optimal solution rate for static scheduling should be high 

to increase the performance of the scheduler. For dynamic scheduling, the optimal solution rate 

does not take the highest priority. Therefore, static scheduling requires high optimization 

solution but dynamic scheduling focusses on the computation time. This is the most important 

standard and gist for schedule algorithm selection. 

Table 10 Difference between static and dynamic scheduling 

 

It is possible to use just one algorithm with different parameter sets or two algorithms to meet 

the requirements. If there are two algorithms, the performance and efficiency should be 

considered because of the expense for modeling and data transform. One of the best solution 

is to use two algorithms based on the same data structure to save both coding and 

computational efforts. 

5.3 Scheduling Algorithm – Genetic Algorithm  

Comparing with HNN and SA, GA is the best choice for scheduling in the laboratory because of 

the balance of performance and stability. HNN has higher performance than GA, but there is 

risk to get a non-feasible solution, which can bring danger to the laboratory. SA is more stable 

than GA to search for optimal solution, but it requires much higher computation effort.  

Moreover, GA has high flexibility and compatibility. There are several steps: encoding, 

population generation, evaluation, crossover, mutation etc. Each of them has more than one 

method to realize the function and it is open to integrate other algorithms to bring some new 

features to meet the requirements of the scheduling. 

The pseudocode of GA is shown below, and the major detailed operation will be explained step 

by step in the following sections and the flowchart for GA is shown in Figure 49. 

Difference Static Scheduling Dynamic Scheduling 

Complexity High Depend on current state 

Reaction speed Non-limited Fast 

Computation time Non-limited As short as possible 

Optimal solution rate High Acceptable 
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Figure 48 Pseudocode of Genetic Algorithm 

 

Figure 49 GA flowchart 
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The initial population is consisted of a group of individuals, which are generated randomly and 

based on the solution domain. According the result of evaluation, several individuals are 

selected to generate new individuals. Crossover and mutation are the operations for the new 

chromosomes’ generation. Then the termination criterion will be checked. If it is satisfied, the 

operation can be stopped and the solution is found. Otherwise, the operation will go back to 

evaluation and repeat again.  

5.3.1 Chromosome Encoding 

As explained in the scheduling strategy, the solution of the scheduler should include two parts: 

transportation sequence and transportation type. Multiple-layer-coding is used to create the 

chromosome. There are two layers in the chromosome: sequence layer and type layer. 

As the sequence, the chromosome members should be consecutive integers starting with one 

ending with the count of transportation tasks. There are two types of transportations: human 

assistant and mobile robot. Therefore, the type layer can be consisted of binary numbers and 

the quantity of the type layer is the same as sequence layer. 

 

Figure 50 An example chromosome with 7 transportation tasks 

As shown in Figure 50, there are seven transportation tasks for this chromosome. There are 

fourteen numbers: seven integers in the left for sequence layer and seven binary numbers in 

the right for type layer. In type layer, zero represents human assistant and one means mobile 

robot. 

5.3.2 Chromosome Adjustment for Solution Domain 

As the searching space of the algorithms, the solution domain is limited by the scheduling 

constraints, which are defined in the scheduling strategy. Based on the scheduling constraints, 

adjustment is built to adjust the random chromosome. In order to keep the raw information, 

the adjustment changes the chromosome as little as possible. The chromosome diversity is also 

an important aspect for the modification. These problems are considered during the designing 

of the adjustment. 

Moreover, the modification is not only in the sequence layer, but also in the type layer. When 

the user confirms the transportation type for the task, the corresponding type member is fixed. 

On the other hand, not all the slots are suitable for the mobile robot. The transportation type 

3 1 4 7 5 2 0 1 0 1 0 0 1 6 

Sequence layer Type layer 
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must be fixed to the human assistant, when the transportation task involves one or two slots, 

which cannot be handled by mobile robots.  

This adjustment is not only used to modify the initial population, but also for the change of 

population such as crossover and mutation. That means this adjustment will be operated 

frequently. Therefore, the performance and efficiency of the adjustment should be paid 

abundant attention. The flowchart for adjustment of sequence layer is shown in Figure 51. 

 

Figure 51 Flowchart for adjustment 
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There are four sequences in the adjustment procedure: initial sequence (IS), valid sequence (VS), 

sub sequence (SS) and temporal sequence (TS). The initial sequence is the random chromosome, 

which is the input of adjustment and the valid sequence is the result of the adjustment. The sub 

sequence is used to operate the dependence sequence of one specific step. When there is new 

step loaded, the sub sequence needs to be reset. The temporal sequence is used to record the 

temporal data for the procedure of the adjustment.  

Table 11 An example dependence table 

 

In order to differentiate the transportation tasks in different sequences, the tasks in the initial 

sequence will be called as steps. Based on the workflow details, the dependence of the 

transportation tasks are confirmable and saved in the dependence table as shown in Table 11. 

This table presents the dependence of the transportation and process tasks for the workflow. 

The source process is unique for each transportation task. If the source process is an IO process, 

there is no dependent transportation task. However, it is possible that there are more than one 

dependent transportation tasks for the source process. In order to keep the variety of the 

chromosomes, the dependent transportation tasks will be permuted randomly and put them at 

the head of sub sequence. Then the first task of the sub sequence needs to be check, whether 

its source process is an IO process. The permutation and check operation need to be repeated 

until the first task has no dependent transportation task. Then the sub sequence can be put into 

the temporal sequence. If the step is already in the temporal sequence, the sub sequence is put 

just before this step. When this step appears more than one time in the temporal sequence, 

the subsequence should locate before the first one. If this step is not the last one, the next step 

can be loaded and repeat the procedures above. After the last step completes the operation, 

the temporal sequence has to transform to a valid sequence. Because of the additional sub 

sequences, some of tasks appear more than one time in the temporal sequence. The transform 

operation is to keep the task, which appears as the first time, and to delete the other same 

tasks. After the transforming, the adjustment for sequence layer is completed. 

The additional sub sequence strategy is the kernel of the sequence adjustment. The most 

important point is to ensure the validity of the result. Moreover, the random permutation 

T Task ID Source P Task ID Dependent T Task ID 

0 0 - 

1 0 - 

2 0 - 

3 1 0, 1, 2 

4 1 0, 1, 2 

5 1 0, 1, 2 

6 2 3 

7 3 4 
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brings the variety of the chromosomes. Although these operations change the original 

sequence, this strategy keeps maximal feature information of the initial chromosome. 

Moreover, the type layer of the chromosome also need to be corrected. In a workflow, the type 

of some transportation tasks are defined by user during the workflow designing. Because of the 

limitation of the slots and locations, some transportation tasks cannot be completed by mobile 

robot. These two situations fix the transportation type. The adjustment in type layer is to ensure 

the type limitation for each transportation task. 

5.3.3 Fitness Function 

The evaluation function, which is used to assess a specific solution, estimates the fitness of the 

candidates for the selection. In this approach, the evaluation function reflects a comprehensive 

optimization goal: shortest execution duration and best balance of human and robot for 

transportation. The human assistance and mobile robot resources are limited and roving. 

Human resources are required by both, manual operation steps and transportation tasks in 

laboratories. The high work stress will decrease the efficiency. On the other hand, when there 

are additional human resource or more available robots, they should be utilized reasonable in 

time. Therefore, the balance score is also essential to evaluate the solution. 

 

 𝐹𝑖𝑡𝑛𝑒𝑠𝑠 = 𝑇𝐹 + 𝑇𝐵𝑎𝑙 
 (1) 

 

Equation (1) defines the fitness function.  𝑇𝐹  is defined as the duration time of the workflow 

and 𝑇𝐵𝑎𝑙 is the balance score of the available human and robot resources. Therefore, the fitness 

is the score, which combines both execution time and the balance score of a workflow. 

Equations (2)-(6) describe the calculation of 𝑇 . 

 

 𝑇𝐹 = 𝑚𝑎𝑥 { 
𝑚𝑎𝑥 {𝑒𝑇𝑃𝑘} | 1 ≤ 𝑘 ≤ 𝐾

𝑚𝑎𝑥 {𝑒𝑇𝑇𝑚} | 1 ≤ 𝑚 ≤ 𝑀
 } (2) 

 

 𝑒𝑇𝑃𝑘 = 𝑠𝑇𝑃𝑘 + 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑃𝑘  (3) 

 

 𝑒𝑇𝑇𝑚 = 𝑠𝑇𝑇𝑚 + 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑚  (4)  

 

 𝑠𝑇𝑃𝑘 = 𝑚𝑎𝑥{𝑒𝑇𝑃𝑖 + 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑖} | 𝑖 ∈ 𝑆𝑃𝑘 (5) 
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 𝑠𝑇𝑇𝑚 = 𝑚𝑎𝑥 {
𝑚𝑎𝑥{𝑒𝑇𝑇𝑖 + 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑖′} | 𝑖 ∈ 𝐸𝑇𝑚

𝑒𝑇𝑃𝑗 | 𝑗 ∈ 𝐸𝑃𝑚
} (6)  

 

As the definition before, 𝑒𝑇𝑃𝑘 and 𝑒𝑇𝑇𝑚 are the finish time of process 𝑃𝑘 and transportation 

𝑇𝑚. They depend on their start time 𝑠𝑇𝑃𝑘 , 𝑒𝑇𝑇𝑚 and the duration of the activity 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑃𝑘, 

𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑚. The last finish time is just the complete time of the workflow. 𝑆𝑃𝑘 is the collection 

of processes, which have higher priority and are executed in another workstation. The process 

cannot be executed until all of its dependent activities are completed. The transportation is not 

allowed to start until a process, which is the source of the transportation is completed. 

𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑖′ is defined as the extra transportation time posed by the difference between the 

last target slot and current source slot. 

 

 𝑇𝐵𝑎𝑙 = 𝛼𝑇𝐻 + (1 − 𝛼)𝑇𝑅  | 𝛼 ∈ [0,1] (7) 

 

 𝑇𝐻 = ∑ (𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑖
 + 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑖′)𝑖∈𝑆𝑆𝐻

 (8) 

 

 𝑇𝑅 = ∑ (𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑖
 + 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑇𝑖′)𝑖∈𝑆𝑆𝑅

 (9)  

 

Equations (7)-(9) explain the calculation of balance score 𝑇𝐵𝑎𝑙. 𝑇𝐻 and 𝑇𝑅 represent the total 

time for human transportation and robot transportation. 𝑆𝑆𝐻  and 𝑆𝑆𝑅  are the collections of 

human transportation and robot transportation. 𝛼 is the balance factor in equation (7). As the 

critical determinant of the balance score, the balance factor can be set by both users and the 

rescheduling indicator, which adapts the change of the transportation resources dynamically in 

real time. 

 

5.3.4 Selection 

Based on the result of the evaluation of the population, some individuals will be selected for 

the further operation. Usually, stronger individual, which have better fitness are preferred. 

Roulette wheel selection(RWS) and stochastic tournament(ST) are always used for selection.  

As a classic proportional selection method, RWS is widely used in GA. The probability of being 

selected is just related to the fitness as explained in Equation (10). 
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 𝑝𝑖 =
𝑓𝑖

∑ 𝑓𝑗

𝑁

𝑗=1

 (10)  

 

𝑝𝑖  is the probability of being selected and 𝑓𝑖 is the fitness of individual 𝑖. When the individual 

has better fitness, the selected rate is higher. 

Figure 52 shows a roulette wheel with 10 individuals. The individual 7 and 10 have higher fitness 

and should be selected easily. On the other hand, the individual 1 has lowest possibility to be 

selected. 

 

Figure 52 Roulette wheel with 10 individuals 

 

ST is based on the RWS to select two individuals, and then selects the better one. It is more 

complex than RWS, but has better result for the selection. 

5.3.5 Crossover 

Crossover is an operation to generate new chromosomes based on the selected individuals. 

Two individuals are required for crossover. They will exchange part of their gene values to 

generate new individuals. 
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In this approach, One-point crossover is used to recombine two individuals. In order to increase 

the performance, only the sequence layer will be operated for crossover. The example is shown 

in Figure 53. 

 

Figure 53 Crossover procedure for sequence layer 

The first step of the crossover is to select the crossover point for the parents’ chromosomes by 

random. In this example, the point is in the third position. Then the data beyond that point in 

either chromosome is swapped between the two parents’ chromosomes. The results are 

individuals of children. However, these chromosomes are not valid because of the repetitive 

and missing steps. They need to be adjusted by adjustment, which has been explained before. 

After that, two new individuals are generated. 

5.3.6 Mutation 

In GA, mutation, which is analogous to biological mutation, alters one or more gene values in 

one chromosome from its initial state. In mutation, the chromosome may change entirely from 

the previous chromosome. 

As the same as crossover, the point for mutation is selected by random. The mutation can be 

happened for the whole, so there are two situations as shown in Figure 54. Figure 54A explains 

the procedure of mutation, when the mutation point is in the sequence layer. A random step 

for example step 4 takes the position of the mutation point and the original step (step 5) is 

3 1 4 7 5 2 7 4 5 1 4 1 3 6 

7 4 5 1 3 6 2 6 2 5 3 6 2 7 

7 6 5 2 4 1 3 

4 1 5 3 6 2 7 

Parents Children 



Chapter 5  Intelligent Scheduler 

79 
 

moved to the original position of step 4. The step number in sequence is unique. Therefore, the 

mutation operation is also an exchanging operation. When the mutation point is in the type 

layer as shown in Figure 54B, the type is inverted the bit, because the data in type layer are 

binary numbers. 

 

 

Figure 54 Two situations for mutation 

After the mutation, the chromosome is maybe not valid anymore. Therefore, the adjustment is 

required again to make sure the new individual is available. 

5.4 Scheduling Algorithm – Modified Genetic Algorithm  

In order to obtain better performance, some other algorithms are used to make evaluation and 

comparison to select the suitable algorithms. As presented before, the algorithms should base 

on the same or similar data structure to reduce the effort for encoding and adjustment. Because 

of the high flexibility of genetic algorithm, it is possible to combine it with some other algorithms 

to create modified genetic algorithms. In this study, two modified genetic algorithms: GASA and 

GAPSO are designed and evacuated. 

5.4.1 GASA 

GASA is the genetic algorithm mixed simulated annealing. As explained in chapter 2, simulated 

annealing is also a good algorithm for optimization. However, it requires high computational 

resource and not suitable for the real time operation environment.  

3 1 4 7 5 2 0 1 0 1 0 0 1 6 

3 1 4 7 5 2 0 1 0 1 0 0 1 6 

3 1 5 7 4 2 0 1 0 1 0 0 1 6 

4 

3 1 4 7 5 2 0 1 0 1 1 0 1 6 

A 

B 



Chapter 5  Intelligent Scheduler 

80 
 

As the kernel part of simulated annealing, Metropolis-Hastings (MH) algorithm is used to select 

the individuals during the evolution process of GA. On the one hand, it improves the quality of 

the population and reduces the iteration number of GA operation. On the other hand, it brings 

huge number of computation effort. It is a challenge to balance the performance and 

requirements during the parameters selection. The flowchart of the GASA operation is shown 

in Figure 55 and the pseudocode is shown in Figure 56. 

 

Figure 55 GASA Flowchart 



Chapter 5  Intelligent Scheduler 

81 
 

 

Figure 56 Pseudocode of Genetic Algorithm mixed Simulated Annealing 

After the GA operation, the MH check helps to filter out the worse new individuals comparing 

with the old individuals. It can increase the successful rate for the optimization with less 

generations. However, it also increases the complexity and computation effort. 

5.4.2 GAPSO 

Particle swarm optimization (PSO) is a population based stochastic optimization technique, 

which is attributed to Kennedy and Eberhart [105], [106]. It simulates the behaviors of bird 

flocking and solves a problem by generating a population of candidate solutions, which are 

called particles. These particles are moved around in the search space according to the 

mathematical formulae over the particle's position and velocity. The movement of particle is 

influenced by its local best known position, but it is also guided toward the global best known 
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positions in the search space, which are updated as better positions are found by other particles. 

The purpose of this procedure is to move the swarm toward the best solutions [107], [108]. 

PSO is initialized with a group of random particles (solutions) and then  

The core operation of PSO is to search for optima by updating generations. After initialization 

with a group of random particles (solutions), the loop for updating generations is started. In 

every iteration, all particles are updated by following two "best" values. One is the best solution 

it has achieved so far, which is called Pbest. Another "best" value, which is tracked by the 

particle swarm optimizer is the best solution, obtained so far by all particles in the population. 

This best value is a global best and called Gbest.  

Based on the two best values, the particle updates its velocity and positions with following 

Equation (11) and (12). 

 

 𝑣[ ] = 𝑣[ ] + 𝑐1 ∗ 𝑟𝑎𝑛𝑑( ) ∗ (𝑃𝑏𝑒𝑠𝑡[ ] − 𝑝𝑟𝑒𝑠𝑒𝑛𝑡[ ]) + 𝑐2 ∗ 𝑟𝑎𝑛𝑑( ) ∗ (𝐺𝑏𝑒𝑠𝑡[ ] −

𝑝𝑟𝑒𝑠𝑒𝑛𝑡[ ]) (11) 

 

 𝑝𝑟𝑒𝑠𝑒𝑛𝑡[ ] = 𝑝𝑟𝑒𝑠𝑒𝑛𝑡[ ] + 𝑣[ ] (12) 

 

𝑣[ ] is the particle velocity, 𝑝𝑟𝑒𝑠𝑒𝑛𝑡[ ] is the current particle (solution). 𝑟𝑎𝑛𝑑( ) is a random 

number between 0 and 1. 𝑐1, 𝑐2 are learning factors and they are constant. The pseudocode of 

the procedure is as shown in Figure below. 

 

Figure 57 Pseudocode of particle swarm optimization 

Based on the analysis of PSO, the advantages and disadvantages are shown clearly[109], [110]. 

For advantages, PSO is based on the intelligence and it can be applied into both scientific 
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research and engineering domain. Then PSO has no overlapping and mutation calculation. The 

search is carried out by the speed of the particle. Based on the development of several 

generations, only the optimal particle can transmit information to the other particles. Therefore, 

the speed of the researching is very fast. Compared with the other algorithms, it has better 

optimization ability and can be completed easily. On the other hands, disadvantages of PSO are 

the method easily suffering from the partial optimism, which causes the less exact for the 

management of its speed and direction. Therefore, the method cannot solve the problems of 

scattering and optimization and the method cannot work for non-coordinate systems, such as 

the energy field solution. 

Based on the original PSO, a modified genetic algorithm is designed. The detailed flowchart is 

shown in Figure 58 and the pseudocode of GAPSO is as shown in Figure 59. 

 

Figure 58 GAPSO flowchart 
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Figure 59  Pseudocode of Genetic Algorithm mixed Particle Swarm Optimization 

In GAPSO, the updating for particle velocity and position is implemented by a mixed crossover 

and mutation operation. They are guided by their own best known position in the entire 

solution domain. The benefit of this algorithm is to avoid the local optimum and keep the 

efficient feature of PSO at the same time.  

Without selection operation, all the individuals will be sent to the further steps. This is the 

biggest difference to the original GA. Instead of selection, the Pbest and Gbest of particles will 

be updated in every iteration. In the mixed crossover step, the individuals will crossover with 

Pbest and Gbest respectively to improve their genes with “best” chromosomes. After the 

mutation operation, the termination criterion needs to be checked. If it is necessary, the 

procedure will jump back to evaluation and repeat again. 

5.5 Algorithms Evaluation and Comparison 

The purpose of algorithms evaluation and comparison is to select the suitable algorithms for 

both static and dynamic scheduling. The first and important step is to design the experiment 

based on the algorithms’ characteristic and the optimization requirements. A typical workflow 

is used to evaluate various algorithms. The result will present the algorithms’ performance and 

it is the ground for the algorithm selection.  
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5.5.1 Experiment Design 

The different requirements of these two scheduling can be ascribed to the limitation of 

computational time and the quality of the results. For static scheduling, it requires high quality 

of the result and it is acceptable if the computational time is less than one minute. In contrast, 

dynamic scheduling should be completed in ten seconds. However, the requirement of result 

quality is not as strict as the static scheduling. 

As iterative optimization algorithms, the most important parameters for both computational 

time and the quality of the results are the generation scale and population scale. Normally, 

when the number of iteration and population are bigger, there is higher probability to reach 

the optimum solution. However, it brings higher computational requirement. That means the 

algorithm with more iteration and population needs more computational time and has possibly 

better result. In contrast, less iteration and population requires less computational time and 

the quality of the result is not so good. The other parameters such as crossover and mutation 

rate can influence the rate of convergence. These parameters are decided by experience 

formulas and algorithm optimization. 

Based on the different requirements and the characteristic of the algorithms, two groups of 

parameters are prepared for each algorithm to simulate the static and dynamic scheduling 

scenarios. The characteristics and theory determine that it is desired but not guaranteed, that 

the global optimum will eventually discovered all the time. In order to estimate the results, 

every algorithm with one group of parameters is processed for 100 times. The distribution of 

the results is used to evaluate the performance of this algorithm in this scenario. 

A typical workflow is designed for scheduling simulation to evaluate the algorithm performance 

in two scenarios. The workflow is shown in Figure 60. In this workflow, the gray blocks, which 

are located in the left and right sides, represent the input contains and output slots. Among 

them, there are seven processes, which are distributed on four automated workstations in 

three different laboratories. Different process colors represent different operation types 

including biology, chemistry and etc. The connections between processes are transportations 

with the transportation type labels. The detailed information of the transportations and 

automated processes is shown in Table 12 and 13. 

Table 12 Transportation Duration Time (min) 

 

     ID 
ID 

0 1 2 3 4 

0 [0, 0] [2, 3] [3, 5] [5, 7] [8, 12] 

1 [2, 3] [0, 0] [2, 4] [4, 6] [7, 10] 

2 [3, 5] [2, 4] [0, 0] [2, 4] [5, 8] 

3 [5, 7] [4, 6] [2, 4] [0, 0] [4, 7] 

4 [8, 12] [7, 10] [5, 8] [4, 7] [0, 0] 
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Figure 60 Example Workflow 



Chapter 5  Intelligent Scheduler 

87 
 

Table 13  Detailed Information of Processes 

 

Each transportation has two endpoints, the source endpoint and target endpoint. An endpoint 

color represents a specific container type. The transportation cannot be created when the user 

tries to connect two endpoints with different colors to avoid low-level mistakes during the 

workflow designing.  

Table 12 describes the transportation time between two workstations. The ID in both horizontal 

and vertical titles represents the ID number of each workstation as described in Table 13. Each 

cell has two numbers, which respectively stand for human transportation and mobile robot 

transportation duration. Table 13 shows the detailed information of each process. It includes 

the workstation, which will be used and the duration time for the processes.  

As the example, the parameters of GA for static scheduling are listed in Table 14. The population 

scale and generation scale are reduced to 40 and 100 in the dynamic scenario to decrease the 

computational time. There is no specific solution or formulas to generate the GGAP, crossover 

and mutation rate. The parameters in this study are based on the experience formulas and 

algorithm optimization. 

Process Workstation  

ID Name ID Name Duration 

1 Start Point 0 Manual Lab 0 min 

2 SP_Bone 1 Reformatter 6 min 

3 SP_HNO3 & Aqua 2 Chemical System I 20 min 

4 SP_Wood 4 
Dual-arm Robot 

System 
9 min 

5 HF_Digestion_Bone 4 
Dual-arm Robot 

System 
24 min 

6 HF_Digestion_Wood 1 Reformatter 18 min 

7 Analysis_DL1 3 ICP-MS 11 min 

8 Analysis_DL2 2 Chemical System I 16 min 

9 End Point 0 Manual Lab 0 min 
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Table 14 Genetic Algorithm Parameters for Static Scheduling 

 

In this workflow, there are seven processes based on four automated workstations. Including 

the start and end position, this workflow involves five laboratories/rooms located in two floors. 

The processes “SP_Bone”, “SP_HNO3 & Aqua” and “SP_Wood” prepare the samples and 

materials for the reaction. After the processes “HF_Digestion_Bone” 

and ”HF_Digestion_Wood”, the samples will be analyzed with the help of “Analysis_DL1” and 

“Analysis_DL2”. When the analysis processes are completed, all the labware will be transported 

back to the end position. Inevitably, the parallel operation and resource contention are existed 

all the time during the execution of the workflow. The complexity of the transportation tasks 

have reached the highest level including both human and robot tasks. Therefore, this workflow 

is a suitable instance to evaluate scheduling algorithms. 

5.5.2 Scheduling Solution 

The Figure 61 shows the results of the optimization procedure by the GA. Along with the growth 

of the generation, the fitness and mean value are improved dramatically. Since 125th 

generation, the fitness is invariant. That means the optimized solution is presented. 

 

Figure 61 Evolution procedure of GA 

Settings and Parameters Value 

GA population scale 60 

GA GGAP 0.3 

GA generation scale 200 

GA crossover rate 0.4 

GA mutation rate 0.5 
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Figure 62 Scheduling result in Gant chart. Numbers on the process tasks located in WS 1-4 are the Process ID: 1: 
StartPoint, 2: SP_Bone, 3: SP_HNO3 & Aqua, 4: SP_Wood, 5: HF_Digestion_Bone, 6: HF_Digestion_Wood, 7: 

Analysis_DL1, 8: Analysis_DL2. The name of transportation task for Robot and Human is formed as 
“SourceID+0+TargetID”. For example, the transportation “306” is the transportation task from PorcessID 3 

(SP_HNO3 & Aqua) to ProcessID 6 (HF_Digestion_Wood). 

The result of the scheduler is presented in a Gantt chart to describe the realistic work list in 

laboratories. As shown in Figure 62A it is the Gantt chart of a random chromosome in the initial 

population. This Gantt chart is one of the valid solutions for the workflow and it must satisfy all 

conditions. The process tasks are distributed in the four automated stations without error. The 

number of each task is the process ID as presented in Table 13 and this ID is also used to explain 

the transportation task. 

In the transportation part, the red blocks present the normal transportation tasks. The blue 

blocks are additional transportation time, which is used to describe the time cost because of 

the difference of the start position and the end position of the former task. Saving the 

transportation resource is the purpose of the scheduler. The numbers on each transportation 

task is the name of the task. It contains the IDs of the source process and target process. 

According to the random solution, this workflow needs 135 minutes to be completed and the 

transportation time is 67 minutes. The Figure 62B shows the optimized solution. Compared with 

the random one, it takes less operation time (75 minutes) and less transportation time (51 

minutes). Not only GA, both GASA and GAPSO can generate this optimized solution as well. 

Therefore, it is not necessary to present the solutions of GASA and GAPSO again. 

 

(a) 

 

(b) 
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5.5.3 Scheduling Results Comparison 

In order to evaluate the quality of the results for these three algorithms in two scenarios, each 

algorithm with one group of parameters will be operated for 100 times as describing in the 

experiment design. The result is presented with the score of the fitness, which combines both 

workflow duration time and the balance score of the transportation task allocation.   

 

Figure 63 Cumulative normal distribution of three algorithms with G1 and G2 

Figure 63 presents the cumulative normal distribution of these three algorithms with two 

groups of parameters. Solid lines and dotted lines represent the scheduling results with G1 and 

G2 parameter respectively. It can be seen from Table 15 that G1 is used to simulate the static 

scheduling and G2 is for dynamic scheduling. The mean of the fitness values represents the 

performance of the algorithm. Two generally adopted deviation estimating indexes, the MAE 

(Mean Absolute Deviation) and the MAPE (Mean Absolute Percentage Error) reflect the 

difference between the result and optimum. They reflect the stability and the robustness of the 

combination of algorithms and parameter groups. When the values of MAE and MAPE are 

smaller than others, the fitness values of this combination do not fluctuate as much as other 

combination. That means, it is robust against the random poputation initialisation. 
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Table 15 Evaluation results 

 

 

Figure 64 Scheduling results distribution with G1 

 
Duration 

(s) 
Success rate 

(%) 
Mean 

 
MAE 

 
MAPE 

(%) 

GA-G1 24.81 100 208.37 2.34 0.90 

GASA-G1 24.66 100 207.04 1.05 0.51 

GAPSO-G1 24.75 100 207.72 1.77 0.86 

GA-G2 4.98 84 210.27 4.27 2.07 

GASA-G2 4.92 66 211.74 5.78 2.81 

GAPSO-G2 4.84 93 209.95 3.45 1.67 
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Figure 65 Scheduling results distribution with G2 

When the fitness values are no more than 103%, 105% and 108%, they are divided as Excellent, 

Good and Fair. When the result is more than 108% of the optimum, it is evaluated as poor, 

which will not be calculated as a successful result. With the parameter of G1, the success rate 

is all 100% as shown in Figure 64. Moreover, the results of GASA have the best distribution with 

the lowest Mean, MAE and MAPE. Therefore, GASA-G1 has the best performance and stability. 

For the parameter G2, the mean of GA and GAPSO are almost the same. That means, their 

performance is similar. In contrast, GAPSO has lower MAE and higher successful rate. Moreover, 

Figure 65 shows that, GAPSO-G2 has the best cumulative normal distribution comparing with 

the other two algorithms with parameter G2. This implies that GAPSO-G2 is more stable and 

reliable than the other two algorithms. 

5.5.4 Algorithm Selection 

For the static scheduling scenario, algorithms with parameter group G1 required around 25 

seconds’ computation time. All algorithms achieved 100% success rate. In contrast, GASA has 

the highest performance with lowest MAE and MAEP. For the dynamic scheduling scenario, 

these three algorithms used less than 5 seconds to finish the processing with parameter group 

G2. The results were not as good as the G1 cause of the time limitation. GAPSO presents best 

performance and stability in this group. However, GASA got an unacceptable result with 66% 

success rate and it proved the validity and necessity to adopt two different algorithms for static 

and dynamic scheduling. Based on this result it is clear that (a) GASA is suitable for static 

scheduling due to the highest performance and stability; (b) GAPSO is appropriate for dynamic 

scheduling due to its high efficiency to obtain acceptable in several seconds. 
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Chapter 6 Rescheduling Indicator 

As explained before, dynamic scheduling adopts a predictive-reactive strategy. That means it is 

implemented by rescheduling. In the last section, the rescheduling algorithm has been selected. 

In this chapter, the problems, when and how to reschedule should be solved. As the base for 

trigger, the triggering policy will be discussed at first. Triggering conditions and strategy will 

guild the indicator, under which situation to start reschedule and how to reschedule. Of cause, 

the unexpected situations are dynamic and unpredictable. How to make a classification for 

correct rescheduling is also significate. 

6.1 Triggering Policy 

For predictive-reactive scheduling three policies can be used to trigger the rescheduling process: 

periodic, event-driven and hybrid [101]. Vieira et al. presented analytical models to predict the 

performance of dynamic workshops [103], [111]. Church and Uzsoy analyzed both periodic and 

event-driven triggers in single and parallel-machine models [102]. From these literature, it can 

be seen that: (a) hybrid policy has the best performance for the response of the unexpected 

situation, but it requires much more rescheduling than others. It is suitable for the open and 

flexible environments; (b) periodic policy can offer both high and low dynamic response. It 

requires quite simple triggering conditions: timer. It is an ideal policy, if the unexpected 

situations happen periodic. In contrast, this policy is adopted with completely reactive 

scheduling normally; (c) event-driven policy obtains high-quality schedule with less 

rescheduling than periodic policy. It is suitable for predictive-reactive scheduling to handle the 

close and stable environments.   

In the life science laboratory, there are chemical and biological experiments operating, which 

requires clean and safe environments. As a result, the laboratory is relative close and the 

unexpected situations appear randomly and infrequently. Therefore, event-driven policy is 

selected for rescheduling. 

6.2 Triggering Condition 

The execution controller collects the unexpected situations from the transportation 

management system and the automated systems and offers special feedback to the 

rescheduling indicator. The unexpected events, which are accounted as triggering conditions in 

laboratories, are proposed in Table 16. 
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Table 16 Unexpected situations 

 

The delay means that a task requires more time to be complete. Errors and failures represent 

that the task is interrupted and waits for the assistance by human. There are two approaches 

for the execution of transportation orders in HWMS: mobile robots and human assistants. 

Mostly, the delay of mobile robot transportations appears with unexpected collision avoidance, 

which requests more time to guarantee the security of transportation (T tasks). Human 

assistants have to perform several different tasks in laboratories and cannot ensure to complete 

all T tasks in time. Beside the number of available mobile robots and human assistants the 

transportation resource status also includes the battery status and current position of each 

robot and the distribution of the transportation delays. 

 

 

Figure 66  Controlling Structure of automated system Reformatter 

Process Control Application

Orca ModelBiomek Model Staubli Model

Orca DriverBiomek Driver Staubli Driver

Control Layer

Model Layer

Driver Layer

Device Layer

Transportation (T task) Process (P task) 

Transportation Delay Initialization Delay 

Transportation Failure Initialization Error 

Resource Status Change Execution Failure 
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In order to describe the process (P task) concerning unexpected events visually, the controlling 

structure for the automated system Reformatter [112] is given in Figure 66. There are four 

layers in the process control system. On the top layer is the process control application (PCA), 

which is used to handle the whole automated workstation. This application integrates various 

subsystems with the help of the model layer. Each model is a function package, which can be 

recognized and used by the PCA for specific task scheduling and distributions. Driver Layer is 

the interface between Model Layer and Device Layer. The driver is generated by the provider 

of the device and enables higher layer to access hardware functions. A one-on-one relationship 

exists between one model and its related driver. Moreover, one driver can control more than 

one device. As shown in this automated system Reformatter, the orca driver is designed to 

handle two orca robots. 

Based on the execution history of various automated systems, most of the automated systems’ 

problems appear during the initialization. Beside the hardware issues, the initial failures occur 

also in the Model Layer or the Driver Layer. The initial failures from the Model Layer can be 

solved by repeating the procedure of initialization but the failures from the Driver Layer 

requires assistance. Therefore, the model issues generate initialization delays and the driver 

issues become initialization errors. If there is an error occurring during the execution, the P task 

will be blocked and produces the execution failure. 

6.3 Triggering Strategy 

The major purpose of the triggering strategy is to answer two questions: when and how to 

trigger the rescheduling procedure. Errors and failures will block the T and P task and they 

require rescheduling without doubt. The delay handling is more complex and it is a challenge 

for the triggering strategy. 

Different from the error and failure situation, delays will not stop the process and in the reality, 

the delay is calculated after the task is completed. Of cause, when the task is not finished in the 

maximal duration, the task will be set as failure. It is not necessary to reschedule for short time 

delays because these are also quite normal during the execution of workflows. In this study, 

when the delay accumulation is over the threshold, the rescheduling procedure will be triggered. 

Furthermore, the distribution of the delays is the most important parameter to guide the 

rescheduling. 

In order to balance the task distribution between mobile robots and human assistants, the 

balance factor is required in the schedule engine of HWMS. The obvious benefit is to adapt 

schedule result to the exchange of the transportation resources. This balance factor should be 

generated by the rescheduling indicator based on the delay distribution and transportation 

resource status change. 

As the most important parameter for the T tasks distribution, the balance factor is given by the 

administrator as the initial setting before the workflow execution. Following the executing, the 

balance factor is dynamic because of the changing of the transportation resource. One of the 

challenges for the rescheduling indicator is to generate a suitable balance factor. 
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6.4 Balance factor Generation 

 There is no formula or equation for the balance factor. It is the reflection of the status of the 

transportation resource. The value of the balance factor is defined by administer, who has rich 

experience to handle the executions in laboratories. It is possible to generate an initial dataset 

based on various status of the mobile robots and human assistants.  

There is no standard to descript of the transportation status. In this study, some core 

parameters form MRMS, HACS and the record of the T task execution are used to assess the 

status. Both MRMS and HACS can offer the available count of the mobile robots and human. 

Furthermore, MRMS provides the battery voltage of each robot. The execution record can offer 

the delay information of the previous T tasks. These parameters are the decision fundaments 

for the balance factor. 

 Therefore, there are five inputs to generate the balance factor and the number of combinations 

with these five parameters is more than 200 million. It is no possible to generate the balance 

factor for all these combinations by human. A forecasting solution is required to solve the 

problem. 

There are two methods suitable for the forecasting as the mainstream solutions: expert system 

and artificial neural network. Both of them are based on the limited existing information to train 

a forecast model. The expert system is one of the most popular method for the dynamic system 

[113], [114]. However, it requires too much resource to build knowledge base and has the 

limitation to face new situations, which are out of the knowledge base. Another major method 

is artificial neural network (ANN) and it is used widely in various field [115], [116]. It has more 

flexibility and lower training cost than expert system. Therefore, it is suitable for the dynamic 

laboratory environment. 

6.4.1 Establishment of Artificial Neural Networks 

The computational scheme of the Artificial Neural Network (ANN) is presented in Figure 67. The 

ANN procedure has two steps: the model training and forecasting. In the former step, historical 

real operation data and their corresponding transportation balance factors constitute the 

training samples, which are used to teach the network regarding the potential relationship 

between the operation status data and the balance factor. In the latter step, the trained ANN 

will forecast the balance factor based on the real-time system status data. 

 

Figure 67 The computational schema for ANN model 
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In ANN theory, the multi-layer perception (MLP) network is popular because of its striking 

nonlinear fitting capacity. It has been proved that the three-layer MLP network is able to cope 

with any kinds of nonlinear problems [117], [118]. 

 

 

Figure 68 The MLP network structure with 8 hidden neurons 

Moreover, by considering the real-time performances and the computing requirements of the 

system, a three-layer MLP network is selected and designed as shown in Figure 68. The input of 

the MLP network is the current operation status data, which consist of five parts: human 

assistant delay, mobile robot delay, mobile robot battery voltage and the number of available 

assistants and robots as explained before. These data reflect the current status and capacity for 

the transportation tasks. On the other side, the output of the MLP network is the balance factor, 

which is used to guide the distribution of the transportation tasks in the schedule engine. 

6.4.2 Training Algorithm Selection  

There are several algorithms to train the MLP network, including Back Propagation (BP), 

Resilient Back Propagation (RPROP), Quasi-Newton Back Propagation (BFGS) and Stochastic 

Gradient Descent Back Propagation (SGD) [117], [118]. In order to select the best one among 

them, a set of trial simulations is provided here and, in these simulations, four MLP networks 

are generated and trained with different algorithms respectively via neural network toolbox in 

Matlab using the same training procedure as given in Figure 69. The mean absolute error (MAE) 

of the balance factor and the mean absolute percentage error (MAPE) are adopted to compare 

the mapping performance of these four algorithms completely. As shown in Figure 68-71, the 

RPROP, BFGS and BFGS algorithms cannot reach the requested performance threshold before 

150 iterative steps while the BP algorithm use 86 steps to satisfy the train goal. That means the 

Hidden 
Neurons

Input 
Neurons

Output 
Neuron

Human Delay

Robot Delay

Human Count

Robot Count

Battery Voltage

System 
Operation Data

Balance 
Factor



Chapter 6  Rescheduling Indicator 

98 
 

training solution with BP algorithm has highest performance comparing with other three 

algorithms. Therefore, the BP is selected for the MLP network training. 

 

Figure 69 Training procedure of MLP networks 

 

 

 

Figure 70 The performance of training with BP algorithm 



Chapter 6  Rescheduling Indicator 

99 
 

 

 

Figure 71 The performance of training with RPROP algorithm 

 

Figure 72 The performance of training with BFGS algorithm 
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Figure 73 The performance of training with SGD algorithm 

Moreover, the training performance depends not only the algorithm, but also the number of 

hidden neurons. In Figure 68, the MLP structure contains 8 neurons in the hidden layer. The 

number of the hidden neurons influences the performance and efficiency of the training as well. 

Based on the comparison of the training algorithms, BP algorithm is used to evaluate the impact 

with different number of hidden neurons. 
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Table 17 Simulation results with different number of hidden neurons 

 

As shown in Table 17, different number of hidden neurons have different performance and 

duration time. When the number is twenty-one, both of the model accuracy and the operation 

time performance are the best. 

6.4.3 Validity Check 

Before the implementing the MLP in the rescheduling indicator, a validity check is necessary to 

evaluate the performance and accuracy of the MLP network with BP training algorithm and 

twenty-one hidden neurons. 

There are 320 groups of historical data in the database, which are already confirmed with 

suitable balance factors by administrator. 300 groups of them, which are selected randomly are 

used for training and the rest 20 groups validate the trained ANN model. Four training 

algorithms train four ANN models with the same data (300 groups’ data) and these models are 

validated with the same data (20 groups’ data) as well. 

Hidden 
Neurons 

Estimation Indexes 

MAE MAPE (%) Time (S) 

10 0.3259 9.33 5.3218 

11 0.3176 8.65 5.4073 

12 0.3186 7.31 5.7965 

13 0.2989 5.96 5.9838 

14 0.3041 6.02 6.0130 

15 0.3137 6.94 6.1667 

16 0.2773 3.92 6.3245 

17 0.2651 2.34 6.5769 

18 0.2468 1.97 6.4925 

19 0.2342 1.89 4.9757 

20 0.1353 1.14 3.7933 

21 0.1097 1.05 3.2997 

22 0.1151 1.47 3.6074 

23 0.1246 1.44 4.0320 

24 0.2299 1.75 4.1476 

25 0.2331 1.94 4.2309 
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Figure 74 Validation result of the trained ANN model 

Table 18 Estimated Results of the Validation 

 

The result of the ANN model validation is given in Figure 74 and Table 18. The MAPE represents 

the difference between the forecast results and real data. And the training time of each 

algorithm is also shown in Table 18. The forecast result of the BP data is quite nearby the real 

data. That means the ANN model forecasts the balance factor effectively. Comparing with other 

algorithms, BP has the best performance (1.42% MAPE) and second short computational time 

(4.02 seconds). This performance can satisfy the requirement of the indicator. 

According the result of validation, the ANN model can generate a suitable balance factor based 

on the status of the executing procedure. A correct balance factor is essential to guide the 

scheduler responding unexpected situations and this is proved in the chapter 7. 

 

Training algorithm MAPE (%) Time (S) 

BP 1.42 4.0265 

RPROP 6.49 3.1687 

BFGS 3.87 5.2344 

SGD 6.91 4.6428 
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Chapter 7 System Test and Application 

The system test for HWMS includes two parts: workflow design and workflow execution. The 

communication between HWMS and sub systems are the critical areas for testing. The reactions 

of various situations, which includes normal and unexpected events, will be presented in the 

workflow execution test. Finally, an application for life science analysis is applied to try out 

HWMS. 

7.1 Workflow Design 

In order to create a workflow, there are four steps: execution environment data preparing, 

processes definition, transportations definition and saving the workflow in database. These 

steps are demonstrate in the following part of this section. As shown in Figure 75, the home 

page of HWMS contains three parts: Planning Tool, Execution and LMMS. The Planning Tool and 

LMMS will be test to create a new workflow. 

 

Figure 75 Homepage of HWMS 

The Figure 31 and 30 in Chapter 4 show the user interface of LMMS and explain how to create 

and modify a location or container. However, it is no possible to edit the project, method, 

method schedule and method schedule detail in LMMS. These information should be updated 

based on the PCSs of automated stations and instruments. Furthermore, the automated 

systems can be integrated into HWMS, if they have the web service interface. There is no 

specific limitation for the automated systems to be adapted to HWMS. 

In contrast, LMMS is compatible with all kinds of labwares. A container template represents a 

specific labware type, which is defined with dimension features, capacity, etc. as shown in 

Figure 76. Each labware has a unique barcode and the barcode information is stored in LMMS. 

It is helpful to identify and track the labware. Furthermore, the dimension details are also used 

to check the compatibility with the slot to avoid errors. 
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Figure 76 Container template definition 

With the help of LMMS, all related environment data can be imported into HWMS. When the 

preparation is completed, the definition of process and transportation can be started via 

“Planning Tool”. 

In Figure 34 and 33, the two types of processes can be defined. Figure 77 shows the methods 

list with project named “FurtherLab” in the “Reformatter System”. These methods are created 

in the PCS of this automated system and they are updated to HWMS by the data synchronization 

function as explained in chapter 4. 

 

Figure 77 Updated method list 

After the definition of processes, the transportations can be created by connecting the 

endpoints of processes. The various colours of the endpoints represent different types of 

containers. That means the endpoint with the same colour can be connected as a transportation 

as shown in Figure 78. During the transportation definition, the transportation type needs to be 

selected. If the “Dynamic” is chosen, the type will be decided by scheduler. 
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Figure 78 Transportation definition 

When the design of a workflow is complete, it should be saved in HWMS with a name as shown 

in Figure 39. Then this workflow is ready for execution. Certainly, this workflow can be loaded 

into “Planning Tool” in anytime to make a correction or modification. After changing, the new 

workflow needs to be saved again. 

7.2 Workflow Execution 

As shown in Figure 38, the workflow needs to be loaded into WES. The execution procedure 

without errors and unexpected situations has been presented in Figure 44 in Chapter 4. The 

execution is operated in the integrated systems: PACS, MRMS and HACS. 

In PACS, when the PCS of the automated system accepts the process task, it will start to execute 

the process as shown in Figure 79.Based on this system, the labwares and executing status can 

be tracked in real time. Furthermore, it offers the error information to HWMS when the process 

task is blocked or failed.  
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Figure 79 Interface of the PCS in Reformatter 

As an effective robot management system, MRMS contains more than one mobile robots as 

shown in Figure 80(a). It collects the status information of multiple robots. Moreover, MRMS 

connects to the HWMS to offer the status information of the mobile robots as shown in Figure 

80(b). On the other hand, the MRMS accepts the transportation tasks and allocates them to the 

mobile robot as well. 
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Figure 80 User interface of MRMS 

In the HWMS side, it is not necessary to design a user interface to control MRMS, because the 

administrator must not intervene the procedure of the robot transportation. The information 

from MRMS is stored in the database as shown in Figure 81. 

 

Figure 81 Robot status in HWMS 

When the robot is online, its battery and position information is updated every 10 second to 

HWMS. This information is used to guide the distribution transportation tasks and the error 

handling. 

When HWMS sends a transportation task to the HACS, the mobile device, which is carried by 

the assistant, receives the task as shown in Figure 82. The details of the source and target 

position, which are shown on the screen, guide the assistant to complete the task. Furthermore, 

the assistant can scan the barcode of the slots and labware to guarantee the correctness of the 

transportation. 

(a) (b) 
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Figure 82 User interface of the mobile device in HACS (T task). (a): The Task list of a mobile device shows a 
Transportation task from Labor 212 to Labor 213 (b): Detailed source information of the transportation task (c): 

Detailed target information of the transportation task 

 

7.3 Workflow Scheduling 

In HWMS, the result of scheduling is not visible. However, it is stored in the database as shown 

in Figure 83 and 82. The task table includes the process and transportation tasks of the 

workflows. It offers the task information to the scheduler and controls the execution procedure 

as well. The task status records the status of each task. If the task is a process task, it has a 

Process_ID. For the transportation task, it contains a Transportation_ID and a 

TaskProcedureStep_ID, which is used to link to the TaskProcedureStep table. The 

TaskProcedureStep table saves the scheduling result. The start time and end time explains the 

timetable of the execution. As explained before, the WES is an event-drive system. The time 

table is used to check the validity and evaluate the solution. The sequence row records the 

execution sequence of the transportation tasks. Combining with the transportation type 

information, the workflow can be executed completely. An additional element TaskSequence 

contains the ID of the dependent process. That means, when this process is finished, this 

transportation task should start immediately. In another word, this transportation task is 

waiting for the completion of its dependent process task.  

(a) (b) (c) 
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Figure 83 Task table for execution 

 

Figure 84 Task procedure step table for execution 

In this case, there are 36 tasks in the WES belongs to two workflows. Before the scheduling, 

each transportation task creates a task step in the TaskProcedureStep table, which is used to 

generate the executing sequence and conditions. 

Because of the data structure, all tasks are independent and not involve the workflow level. It 

means the execution of each task is not related to the workflow information. The relationship 

of the processes and transportations in the workflow level are already considered in the 

scheduler. The execution schedule sequence satisfies the conditions and limitation.  
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As shown in Figure 85, there are two workflows in the WES and the schedule result proves that 

the scheduler is suitable for multiple workflows. In the automated workstation area, the green 

processes belong to one workflow and the blue processes come from another workflow. In WES, 

each process task is allocated an executing-taskID, which is shown as the number on the process 

block in various automated stations. All these processes are executed using the same 

workstations and resource of the laboratories. There is no collision or error for scheduling and 

executing. 

 

Figure 85 Schedule result for dual workflows. Numbers on the process tasks located in WS 1-4 are the Process ID 
from 2 to 16. Process 2 – 9 belong to the workflow” Calcium in bone 4-2” and Process 10 – 16 belong to the 

workflow” Calcium in bone 2-2”. The name of transportation task for Robot and Human is formed as “SourceID+ - 
+TargetID”. For example, the transportation “3-5” is the transportation task from PorcessID 3 (SP_HNO3_Bone) to 

ProcessID 5 (HF_Digestion_Bone). 

7.4 Unexpected Situations Handling 

When there are unexpected situations, HWMS has to work out them with two steps: a) 

requiring the human assistance to solve the problem; b) dynamic scheduling, if it is necessary. 

These two steps are explained respectively. 

7.4.1 Human Resource for Errors  

When there are errors in MRMS or PACS, HWMS can detect them immediately. The error 

message will be generated by HWMS and sent to HACS for the human assistance. Here is an 

example of the MRMS error during the operating for transportation task. As shown in Figure 86, 

the error message including the device name (Robot H20 1A), position (Labor213) and the error 

details. The details of the error show the error type and the task details. The assistant, who 

accepts the requirement, has to complete the transportation task instead of this robot. Then 

the confirm button can be clicked to notice HWMS that, the error is solved and the task is 

completed as well. 
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Figure 86 User interface of the mobile device in HACS (error handling) 

Furthermore, there is a difference to generate the position information between the MRMS 

error and PACS error. The automated systems are located in the laboratories and the position 

information is the name of the laboratories. However, the raw position information of the 

mobile robot includes the two dimensional coordinate values and the floor number. This 

information needs to be transfer as a readable message. As shown in Figure 87, this floor is 

segmented into eight areas and corresponded to the coordinate values including the corridor. 

It helps the assistant to find the robot conveniently. 

 

Figure 87 Layout of the building in 2ed floor 

 

Lab 207

Lab 213

Lab 212
Lab 211

Lab 209

(a)  (b) (c) 



Chapter 7  System Test and Application 

112 
 

7.4.2 Dynamic Scheduling with Unexpected Situations 

Dynamic scheduling updates the time schedule based on both the status of the transportation 

resource and the unexpected situations. The combinations of these two factors is almost 

unlimited as explained in Chapter 6. Four common scenarios are used to test the performance 

of the dynamic scheduling. The scheduling result is shown with a pair of Gantt charts to make a 

comparison between the initial and new solutions. 

As shown in Figure 88(a), the result of the static scheduling is generated before executing. At 

20th minute of the execution, a mobile robot is going to charge station because of the low 

battery voltage. This resource changing triggers the rescheduling process and the trained ANN 

model generates a new balance factor 0.6 instead of the old one 0.4. That means, more 

transportation tasks will be distributed to the human. The new balance factor is used to 

generate a new time schedule as shown in Figure 88 (b). Compared to the original solution, the 

dynamic time schedule allocates the transportation task 3-5 to human assistants instead of 

mobile robots. The effect of this task shifting is explained as follows: (a) the process task 

Analytik 1.d (5) will be executed 10 minutes earlier than the old schedule. However, it will not 

influence other tasks; (b) there is no increase of the complete time; (c) the operation time of 

mobile robots decreases from 46 minutes to 28 minutes, and at the same time, the operation 

time of human assistances decreases from 9 minutes to 22 minutes. The complete 

transportation time decreases by 5 minutes, the purpose of the rescheduling to shift 

transportation task from human to robot is realized. 
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Figure 88 Comparison of dynamic scheduling results 1. Process name and ID are shown on the Process block located 
in WS 1-4. The name of transportation task for Robot and Human is formed as “SourceID+ - +TargetID”. For 

example, the transportation “3-5” is the transportation task from PorcessID 3 to ProcessID 6. (a): Static scheduling 
result (b) Dynamic scheduling result at 20th minute (c): Dynamic scheduling result at 28th minute 

When the transportation task 3-6 is completed at 28th minute, HWMS losses the connection to 

MRMS. The balance factor is changed to one. All transportation tasks are switch to human as 

shown in Figure 88(c).  

As shown in Figure 89(a), the static scheduling result is generated for another workflow with 

the balance factor 0.5. At 10th minute, a new human assistance is online. At the same time, the 

human delay is lower than before. The rescheduling indicator changes the balance factor to 0.7. 

The transportation task 2-5 is switched to human as shown in Figure 89(b).  

(a) 

(c) 

(b) 
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Figure 89 Comparison of dynamic scheduling results 2. Process name and ID are shown on the Process block located 
in WS 1-4. The name of transportation task for Robot and Human is formed as “SourceID+ - +TargetID”. For 

example, the transportation “3-5” is the transportation task from PorcessID 3 to ProcessID 5. (a): Static scheduling 
result (b) Dynamic scheduling result at 10th minute (c): Dynamic scheduling result at 45th minute  

At 45th minute, the workstation “Reformatter” has an error. HWMS creates and sends the 

assistance requirement to HACS. At the same time, the dynamic scheduling updates the time 

schedule as shown in Figure 89(c). It increases 8 minutes for the process Pre-De 1 with id 5. 

Based on the history, the errors can be solved in around 8 minutes usually. The balance factor 

is not changed and the tasks are allocated as before.  

(b) 

(a) 

(c) 
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7.5 Application 

Osteoporosis is the most common reason for a broken bone among the elderly. It may be due 

to the low bone mass and great bone loss [2], [119], [120]. As an effective method for a 

diagnosis of osteoporosis, the determination of the bone elemental composition is used to 

examine the stage and cause of this disease. Furthermore, there is a correlation between the 

calcium concentrations and osteoporosis [121]–[123]. 

There are various solutions for determining the elemental compositions of bone. As a multi-

element technique, ICP-MS is powerful to determine elements both in the trace range and at 

higher concentrations [124], [125]. It plays the most important role in this application. The other 

operations and steps are used to solve and support the ICP-MS. The flowchart of the automated 

sample preparation and analysis is shown in Figure 90 . The “Transportation I” is the transport 

using the central system integrator and the “Transportation II” is the transport between 

workstations, which can be completed by human or mobile robots. The other steps are 

operated in three automated workstations/devices and can be integrated into four processes 

tasks. The workflow of this experiment is designed as shown in Figure 91. It has been executed 

using HWMS and the results are as expected. During the execution, there are several 

unexpected situation. HWMS can handle the errors and modify the time schedule as presented 

in the system test part. 

With the help of HWMS, less human effort is required during the execution. The human 

resource is used only because of the errors and human transportation. The administrator can 

track the procedure of the executing in anytime via the execution monitor. The integrated 

LMMS handles various samples and labware efficiently without error. Thanks to the connection 

between HWMS and ADE, the user can also search for the results of the analysis easily in the 

execution recorder of HWMS. 
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Figure 90 Flowchart of the automated sample preparation and analysis (Redrawn from [2]) 
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Figure 91 Workflow designing in HWMS 

This workflow has been executed for 34 times. 20 of them are based on the real samples and 

others use water to simulate the execution procedures. There is one error appearing during the 

execution on the workstation “Reformatter”. HWMS detects the error immediately and sends 

message to request the human assistance. When the error is solved, the execution procedures 

are continued as normal. 

Over 50 workflows are designed and executed to test the functionality and stability of HWMS 

and various sub-systems including HACS, MRMS, PCS, etc. Over 1000 simulations are used to 

check the validation and performance of the scheduler in both static and dynamic scenarios 
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Moreover, there are various workflows are designed and executed based on HWMS such as 

determination of mercury in wood materials and determination of the gall elemental 

composition, etc. Based on these applications, over 100 experiments are executed via HWMS 

in laboratories. Both human assistants and mobile robots are taking part in the executions. Two 

third of them arise unexpected situation: 2% process initialization error, 3% process execution 

failure, 16% transportation error and 79% transportation resources changes. In almost 50% 

experiments, the dynamic scheduling is triggered at least one time to reallocate the 

transportation tasks between human and robot. The rescheduling result responds correctly to 

the error and the change of transportation resources. In the meanwhile, the computation time 

for each rescheduling is no more than 20 seconds and it requires around 10 seconds on average. 

Furthermore, the errors of automated systems are also handled carefully. After the error is 

solved, the experiment continues automatically. Therefore, the HWMS enhances the efficiency 

and stability of the laboratories observably. 
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Chapter 8 Conclusion and Outlook 

8.1 Conclusion 

In this study, a new laboratory management system HWMS has been presented to schedule 

and handle the execution procedure for life science investigates. Comparing with the existed 

solution, HWMS focus on the laboratory environment description, automated system 

integration, execution resource distribution and unexpected situation handling. 

In order to realize a full automatic experiment, a four layer system structure is designed for life 

science laboratory. With the help of PACS, all kinds of automated systems from various 

companies with different controllers can be integrated into HWMS. The robot and human mixed 

transportation solution is the bridge to connect two standalone automated systems. 

Furthermore, the human resource is used to handle errors during the execution as well. This 

structure is the base of HWMS. As the combination of processes and transportations, a 

workflow can represent a complex experiment, which is available to be executed in the 

laboratory. 

As the resource of the experiment, the laboratory environment is modeled with container, 

location, slot and device. The LMMS is used to update and monitor the resource changing 

manually. These resource details are the base to define the processes and transportations for a 

complete workflow. 

The WSP offers the planning tool for workflow definition and modification. The web based 

graphic user interface with ergonomic design can avoid human errors maximally. With the help 

of the data synchronization, the current activities’ information of the automated systems can 

be updated in the HWMS on time and without any error. 

The WES controls the automated systems, MRMS and HACS to execute the workflow following 

the time schedule, which is generated by scheduler. Based on the execution strategy, the 

workflow is completed safely and efficiently. Furthermore, the WES has the ability to handle 

errors during the execution. It improves the system stability and robustness against the 

unexpected situations.  

The scheduling model, which includes the laboratory resources, activities and workflows, is 

defined to generate the execution sequence to guide the operation procedure of the workflows. 

Based on the strategy of scheduling and execution, the sequence of transportation tasks and 

the corresponding transportation type can represent a unique solution for the workflow 

execution. A time schedule of this solution is also confirmed at the same time. Moreover, the 

distribution of the transportation tasks is considered, when the transportation type is set as 

dynamic during the workflow designing. Based on the various status of MRMS and HACS, the 

task distribution can influence the execution efficiency conspicuous. The balance factor is the 

reflection of the status of both MRMS and HACS. It is used to generate the balance score. The 
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sum of the workflow duration time and the balance score is presented as the fitness function 

to evaluate the solutions for execution. 

In order to handle the unexpected situation during the execution, the dynamic scheduling is 

necessary in HWMS. Comparing with other solutions, the predictive-reactive scheduling is 

suitable for the laboratory environment. The dynamic scheduling result is used to update the 

time schedule to handle the resource changing and unexpected errors. Because of the different 

requirements of the scheduling before and during the execution, the scheduling engine should 

contain two mode: static and dynamic scheduling. The genetic algorithm and two modified 

genetic algorithm- GASA and GAPSO are used to search the optimal solution for the workflow 

based on the current status of the transportation resource. In order to evaluate the 

performance and features of the algorithms, an experiment is designed to simulate the 

scenarios of static and dynamic scheduling with two groups of parameters. Based on the 

comparing of the result quality, GASA is suitable for the static scheduling and GAPSO shows the 

best performance in the dynamic scheduling scenarios. 

The rescheduling indicator is designed to trigger and guide the procedure of rescheduling to 

realize the dynamic scheduling. The trigger conditions are the delays and errors, which are 

brought by unexpected situations. The balance factor is related the transportation resource 

changing. There are 5 parameters describing the current status of the transportation. The ANN 

with MLP network is proved its performance for the balance factor forecasting. With the help 

of a series of simulation, the training method BP with 21 hidden neurons is adopted to train the 

MLP networks. The result of the validation shows that the ANN solution is suitable to generate 

the balance factor. 

Finally, a series of system tests check the major functions of HWMS. The performance and 

efficiency are proved. Several unexpected situations are appearing to test the performance of 

the dynamic scheduling and the functionality of the error handling. 

8.2 Outlook 

Following the development of the robot technology, new mobile robot with high performance 

and flexibility can be adopted in the laboratory to complete all transportation tasks instead of 

human. Of cause, there is challenge to use robot to solve errors. However, the fully automated 

laboratory without human can be realized in the near further. It requires more operation details 

and higher performance of the system management system. 

Furthermore, the HWMS needs more connection to the result of investigations. The major 

purpose of investigations in the laboratory is to develop and optimize the experiment 

procedures. If the HWMS has more ability to analysis the result of the execution, it is helpful for 

the development and optimization.  

The HWMS is compatible with various automated systems and transportation management 

systems. When there are new systems or robots appearing in the laboratory, they can be 
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integrated into HWMS without any obstacle. In contrast, the HWMS is also open for the new 

types of labware and slots. That means this system can be implemented in other laboratories. 

Moreover, when the laboratories are not in the same building, the transportation management 

systems, which contain both indoor and outdoor transfer solutions, require more complex 

handling and task distribution. A more powerful and intelligent scheduler is necessary to 

allocate the transportation resource and handle more unexpected situation with completely 

reactive scheduling. 
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