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Summary: 

This document describes the outcome of T4.4 “Real time action and task planning for HR 

reconfigurable operations” for the first period of the project. Specifically, it describes the design and 

implementation of the first prototype of the real time task and action planning software(TAPS) and 

shows its application in two of the use cases of SHERLOCK. 
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3. EXECUTIVE SUMMARY 

This document details the current progress of the Task and Action Planning Software (TAPS) module 

responsible for the sequencing and orchestration of the actions performed by both human operators 

and robotic resources, at both cell and factory level. Its main goal is to optimize task and order 

executions respectively based on a set of evaluation criteria and to provide assembly plans that 

maximize the assembly line’s throughput capabilities. Thus, available resources are to be utilized 

efficiently and productively.  

TAPS functionalities are driven by the requirements of VDL and OTIS use cases. Concerning this 

version of the module to be a first working prototype, not all the required functionalities or 

capabilities are implemented. Further functionalities will be implemented in the second prototype of 

this module. 

The buildup of the SHERLOCK task planning software is based upon three main categories, each one 

carefully considered to abide by current use cases and make room for future improvements and 

implementations. These categories are the following: 

• Task scheduler: The agent responsible for intelligent sequencing of tasks-to-resources assignments 

to achieve desired production results and goals. Regarding the cell level TAPS, the framework is 

based upon an Artificial Intelligence (AI) algorithm, comprising of multiple search and heuristic 

functions, and various evaluation criteria. It is designed so as to provide almost optimal tasks-

resources assignments plans but in much-reduced computational time compared to the exhaustive 

search of the solution space, which is exponentially slower, facilitating the real-time re-planning of 

actions inside the robotics cell. For the factory level implementation, a constraint programming 

model was developed, aiming to decrease the deviation between actual orders delivery from their 

due dates. Moreover, the factory level implementation will be used during the last phase of the 

project, as it will facilitate the evaluation of the impact of the SHERLOCK solutions to the factory. 

• Graphical User Interface (GUI): The interface responsible for providing a detailed view on 

workcell information, scheduling settings, search parameters and evaluation criteria. A user-

friendly access to the Knowledge Repository (KR) is provided, while it, also, enables thorough 

handling of the task scheduler and the customization of planning. 

• Knowledge Repository (KR): The database containing all useful workcell information, concerning 

tasks, resources, capability index of the resources, sequencing constraints and simulation data. The 

current version of the database is stored and accessed locally.  

For the purpose of this implementation, the programming languages used were Java (backend and 

server functionalities), C# (factory level constraint programming), HTML, CSS, JS (GUI) and 

MongoDB (management and access to the knowledge base using the Java Immutables library). The 

above provided a safe, fast and robust programming setup to host all functionalities and actions. The 

main programming environment used was the IntelliJ IDEA IDE, chosen for its rich features and 

versatility. 

The cell level task planning software takes into account the allocation and scheduling of atomic level 

tasks between human and robot in a Human-Robot Collaborative (HRC) workstation, focusing mostly 

on efficiency, ergonomic and safety. On the other hand, the factory level scheduler considers the flow 

of customer orders in the HRC by taking into account the business-oriented objectives, like on-time 

delivery, reduced non-value-added time etc.   
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4. INTRODUCTION 

In this document a detailed description of the SHERLOCK TAPS module and its functionalities is 

presented. This module consists of two divisions: i) the cell-level and ii) the factory- level ones, 

providing complete functionality over the assembly line. While factory level planning module focuses 

on synchronizing the manufacturing of customer orders/assemblies with other stations considering the 

business-oriented objectives like meeting the due dates, the cell level planning module focuses on 

allocation and sequencing of individual assembly operations in each customer order/assembly. 

The factory level planning module receives the customer orders and corresponding attributes through 

an MES/ERP system and by using this input, a constraint optimization model is executed which 

returns the best schedule of orders optimizing the decision makers performance measures. The output 

of the factory level planning module is used as an input by the cell level task planning module to 

make operational level decisions.  

The cell level implementation consists of 3 main parts: a knowledge base interface, an execution 

planning algorithm and a user interface to provide an insight on data, settings and task scheduling. 

Both offline and online capabilities are considered, using both well-defined assembly details, 

workshop information and simulation data. The current implementation contains only the offline 

version, though. The online version, optimized for enhanced execution speed rather than best results, 

is in the development roadmap for the second prototype of TAPS (M36). In order to achieve results 

that provide a rich view on the execution alternatives of the assembly, a framework of multiple 

evaluation criteria is implemented. Such criteria include the total cycle time, RULA-based 

ergonomics1, safety, walking distance, resources utilization percentage and non-adding values 

activities time. By focusing on different metrics each time TAPS is executed, the generated plans 

conclude in different optimization plans of the assembly line. 

 

In the following sections, the reader may find: 

• Section 5: current state of the art and progress beyond that for the task planner  

• Section 6: description of development of first prototype 

• Section 7: future work 

• Section 8: conclusions 

 

 

1 RULA assessment,  https://ergo-plus.com/rula-assessment-tool-guide/, last accessed on 31/3/2020 

https://ergo-plus.com/rula-assessment-tool-guide/
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5. STATE OF THE ART 

In this section the current state of the art as well as the progress beyond the state of the art in 

SHERLOCK with respect to task planning for human robot cooperation will be presented.  

As companies are trying to provide products that are more and more customizable to the end-users’ 

needs, there has been an increase in the demand for reconfigurable assembly lines. Surpassing the 

capabilities of the traditional flow of part manufacturing, the current goals extend from cost- and 

time- efficiency, to product differentiation and fast remapping of assembly tasks. Thus, it is potent for 

the global market to adapt and provide ways of abiding by the shoppers’ needs [1] . One of the main 

factors enabling product customization is the turn from hardwired assembly lines to flexible ones. 

This is achieved by drifting away from stationary, mindless robotic agents and replacing them with 

space-aware, mobile and multiple-capabilities robots. Such production systems can easily change their 

operation to accommodate different product families, similar to the way that a human operator would 

do. This opens new possibilities in the field of Human-Robot Collaborative (HRC) workcells [2] . 

HRC workcells unlock the capabilities of hybrid assembly lines, where humans and robots cooperate 

in a seamless manner towards a common goal. Such workspaces would efficiently combine and 

exploit precision, repeatability and strength of robots, with the inherent human’s initiative and 

flexibility. 

Nowadays, most industries have not adapted these cooperative systems in their production lines. They 

follow a structure where the operator has his workspace separated from robot’s corresponding space, 

in order to ensure the operator’s safety, and the whole production control is carried out by non-

complicated systems. Human and robot actions and positioning are predefined and highly restricted, 

offering little or no flexibility in the assembly process or the end product. This happens because there 

are a lot of issues to overcome, when integrating HRC workcells in an assembly line. The main 

challenges when designing HRC workcells arises from the integration of human factor requirements 

(e.g. posture, strength, fatigue and cognition), robot requirements (e.g. joints position, movement 

sensors signals by the robot), Human-Robot Interaction (HRI) requirements (e.g. force or feedback 

force) and assembly requirements. The latter represents the manufacturing goals such as the 

completion time and overall quality, expressed by the evaluation metrics of considered course of 

actions [3] [4] .  

Following the above analysis, it is concluded that there is an increasing need in orchestrator agents, 

that steer the actions of all resources, combining them in a holistic HRC production system. Thus, 

planning and scheduling of manufacturing activities is the major task for factory decision makers in 

various levels. In tactical level, recently, Advanced Planning and Scheduling methods are being 

developed for managing the workflow between various workstations [7] . However, human-robot 

collaborative systems require a framework for bridging the gap between the factory and the cell level 

decisions.  For this purpose, a Mixed Integer Programming (MIP) and MatHeuristics are proposed to 

find optimal allocation of tasks to human and robot as well as sequencing multiple orders [8] . 

Although authors developed a holistic method to cover both tactical and operational level decisions, 

the method they used is practically intractable and not modular for different domains. Henceforth, 

individual methods for each level of the problem and communication insurance between them, is still 

the promising way for getting timely and effective solutions. Another study deals with scheduling of 

smart-intra factory material supply operation using mobile robots [9]  while a recent study developed 

a Web based scheduling system on enumeration of alternative solutions for a human-robot task 

scheduling problem [10] . Although authors use filtering methods for avoiding complete enumeration, 

there are various recent works exploiting operations’ research and artificial intelligence, particularly 

constraint programming, for traversing the search space in a more efficient way. Constraint 

programming based scheduling [11] has been used for sequencing of spray painting tasks with 

temporal constraints as well as for generating comprehensive test scenarios for validating 

functionalities of robots [12] , integration of task models and robot motion models into a constraint 

optimization model has been used to produce make span-optimized robot programs [13] . Finally, 

Mixed Integer Programming (MIP) and Constraint Programming (CP) models have been proposed to 

solve two real-world single robot task planning problems [14] . In the first problem, a robot plans a set 
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of tasks each with different temporal constraints dictating when a task is available for execution and 

when task execution must be completed. For this particular problem, the task planner had to determine 

a feasible plan that minimizes the sum of task completion times. In the second mobile robot task 

planning problem, a socially interacting robot had to generate feasible task plans while adhering to a 

number of restrictions, including temporal constraints, the timetables of human users, and robot 

energy levels. To the best of our knowledge, the constraint programming-based factory level planning 

module integrated with enumeration-based cell level planning module is bridging the gap in the 

literature for effectively solving these two dependent decision problems.  
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6. TASK PLANNER PROTOTYPE DESCRIPTION 

6.1. Cell level Task Planner 

This section details the steps followed to utilize the Cell level division of the TAPS module following 

the consideration of a manufacturing process designed to utilize both human and robotic resources in 

an HRC workcell. It is noted that the terms ‘task’, ‘operation’ and ‘action’ are sometimes used 

interchangeably, with no loss of generality. 

6.1.1. Information modelling and storage 

As a starting point, the assembly procedure needs to be decomposed in a Workload and Resources 

(WAR) model (Figure 1). After examining the sequence of operations required to gather, use and 

assemble all parts into the final product, the Product and Orchestration Module (POM) must organize 

them in groups and denote any precedence constraints between them. A precedence constraint is a 

rule that restricts the execution of an operation, if one or more other operations have to be executed a 

priori. For example, screwing a lock mechanism on a panel requires that both the panel and the lock 

mechanism are positioned correctly on the workbench and a screw is already in the corresponding 

hole. Afterwards, the POM needs to enlist all resources that are capable of executing said operations, 

noting their current availability. This is illustrated in Figure 1. 

 

Figure 1: Workload and Resources model for the VDL pilot-case (partly shown) 

To summarize, the TAPS module, given a WAR model transcribed to database entries, can extract 

possible combinations of tasks-resources, forming execution schedules when the following rules are 

met: 

• The task to be executed is not waiting for other task(s) to complete (conformation to task 

precedence constraints). 

• The resource chosen is fit to carry out said task, possessing the required capabilities and tools 

(conformation to task-resource suitability constraint). 

• The resource chosen is functional and at idle state (conformation to availability status constraint). 
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The WAR model is then transformed in three MongoDB2 collections concerning: tasks, resources and 

task-resource suitabilities (Figure 2). The tasks document contains all tasks comprising the assembly 

sequence, the precedence constraints between them, any used parts and their respective weight, their 

position on the workshop grid map, etc. The resources model contains all resources available at a 

given moment. Properties such as linear/angular speed, resource type, weightlifting capabilities and 

limits, etc. determine the way the resources are being assigned to any pending tasks. Finally, the task-

resource suitabilities document, entails all information needed to determine which resources can carry 

out which tasks. Details such as process time and sensors needed are also provided. In the case of the 

precedence constraints, the planner uses the relations between the tasks, so as to examine rational 

sequences depending on the tasks already assigned and scheduled. 

 

Figure 2: MongoDB modelling 

The above format enables easy addition of any extra task or resource characteristics and properties. 

Non-SQL databases, such as the one used, are known to enhance modularity and ease of 

customization. This provides faster development of multiple criteria implementations and plan 

metrics, extending the application basis of the software.  

The tool used to model the above and create a robust and easy to use interface between the backend 

and the MongoDB database is the Java Immutables library3. This framework acquires specifically 

annotated Java classes that enable creation of objects conforming to user-specified facets and 

automatically adjust formatting to abide by MongoDB’s rules. All data can then be formed into 

documents and collections and stored for later use. Afterwards, queries (such as insert, update, delete, 

find, etc.) can be executed by forming filters known as criteria (not to be confused with the 

aforementioned ‘evaluation criteria’ used by the task and action planning algorithm). 

In order to fill the knowledge base with the workcell data, we created a standalone Java application 

called ‘sherlock-data’. The POM can use a helper excel file to fill the properties of required workcell 

elements (Figure 3) and automatically generate the code (Figure 4) that will be used in the 

createScenario() method of ‘sherlock-data’ (Figure 5). This application uses the scenario formatting 

inserted via the excel-generated code and the Java Immutables library, so as to fill the MongoDB with 

the required data, as described above. Thus, this application, makes it much easier to model the 

assembly data and insert it into the knowledge base, before utilizing the features of the main Task 

Planner application. 

 

2 MongoDB, https://www.mongodb.com/, last accessed on 31 March 2020 

3 Java Immutables library, https://immutables.github.io/, last accessed on 31 March 2020 

https://www.mongodb.com/
https://immutables.github.io/
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Figure 3: Helper excel file data input example 

 

Figure 4: Helper excel file generated code example 

 

Figure 5: VDL case createScenario() method code snippet  

After successfully forming all information, TAPS can view most important data in a more user-

friendly manner, utilizing the ‘Workload Information’ tab on the GUI. Both the assembly tasks and 

resources can be accessed, before proceeding further (Figure 6 & Figure 7). 

 

Figure 6: Assembly tasks table 
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Figure 7: Resources table 

6.1.2. Data retrieval and conversion 

Before information processing takes place, the data must be retrieved from the database, lying in a 

more generic model, and be transformed in the model compatible with the planning algorithm. After 

the main application requests and acquires use-case data, it needs to decipher them before use. For 

this reason, an intermediate piece of software was developed, Data Model Conversion Utilities 

(DMCU). This mechanism converts the collections and documents of MongoDB and translates them 

into the set of rules and objects that can then be utilized by the algorithm. This translation takes place 

when a new instance of the planner is raised, feeding it with the environment description of the cell 

level tasks, resources, suitabilities and constraints. Following the schedule generation, the planning 

algorithm may need to send back information about conceived plan, so the inverse process also takes 

place (Figure 8). 

 

Figure 8: Data conversion flow 

 

6.1.3. Plan generation algorithm 

The planner first inquires for the knowledge base data, concerning the assembly information and 

resources, and then utilizes the user defined inputs, such as search characteristics and evaluation 

criteria settings. Its goal is to create a sequence of task-to-resource assignments, depending on given 

information, that aims to complete all tasks in an intelligent manner, while maximizing the plan’s 

performance to the required thresholds and parameters. 



SHERLOCK  820689 

-13- 

The algorithm behind the generation of alternative task plans originates from concepts such as 

iterative deepening search and heuristic functions. Its main foundation lays on the selective search of 

the solution space, instead of using exhaustive method. As the number of tasks, resources and possible 

assignments increases, the solution space becomes excessively large, which, consequently, vastly 

increases the computational and memory requirements of the exhaustive search method. It is 

important to note, that the referred solution space is the set containing all possible task-resource 

assignment sequences that lead to feasible action plans. To solve this, our algorithm splits the plan 

generation in sub-plans and only tries to complete the best one each time. 

By viewing the task-to-resource assignments as tree-nodes, the algorithm iteratively creates random, 

yet valid, groups of such nodes, noted as branches. It then extends, or ‘reproduces’, the optimal 

branch, of the currently generated. The selection of the fittest branch is performed by estimating the 

utility value of each one, first calculating its node sequence utility value and then adding the average 

utility value of some of its random extensions, or ‘samples’. A branch’s sample is a random sequence 

of nodes that completes said branch, as they together form a sequence of nodes, or task plan, 

containing all required assembly tasks. A simplified overview of the search space constructed by the 

algorithm is shown in Figure 9. 

 

Figure 9: Cell level algorithm description schema 

The above procedure is configured using three parameters, whose values can be chosen via the 

provided GUI options (Figure 10). These parameters are the following: 

• Decision horizon (DH): The size in nodes of each generated branch. The higher its value the more 

complex each iteration step is, as more assignments are considered and evaluated each time. 

• Maximum number of alternatives (MNA): The number of branches created in each iteration. The 

higher its value, the closer the generated plans converge to the optimal solution. 

• Sample rate (SR):  The plethora of samples examined per generated branch. The higher its value, 

the better the accuracy of the predicted final utility value of the extended branch. 

 

Figure 10: Search parameters 
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As is logically coherent, the higher the value of these parameters is, the better the outcome of the 

generated plans. The adverse effect though is the increase in computational time and memory usage. 

In the case of online execution, where speed is of higher importance than near-perfect results, careful 

selection of values must be made for timing constraints to be met. 

The above methodology in task and action planning has been examined to achieve results comparable 

to the complete (exhaustive) search of the solution space. By selecting acceptable parameter values, 

the system can nominally accomplish up to 98% accuracy, in regard to the best possible solution, 

while maintaining execution times of even less than 1 minute. 

 

6.1.4. Evaluation Criteria 

The aforementioned utility values of branches and their respective samples are calculated using 

custom created evaluation criteria. These are Java classes that, given an arbitrary set of nodes, either 

branches or samples, collect the properties of the tasks and resources involved and produce a score 

calculation of each respective metric. Determining assembly goals like the decrease of cycle time 

(flowtime), walking distance and increase of human safety and ergonomics, a list of criteria can be 

utilized during planning (Figure 11). The ones currently implemented are the ‘Cycle Time’, ‘Walking 

Distance’, ‘RULA Ergonomics’ criteria, partially ‘Safety’ criterion, with ‘Resource Utilization’ and 

‘Non-adding Values Activities Time’ criteria planned for the second prototype of TAPS (M36).  

Our aim is to make every criterion mechanism utilize actual workflow data acquired from real-time 

simulations utilizing the Shopfloor Digital Representation (SDR) module described in D4.2. SDR will 

be updated with data arriving from distributed sensors network installed at the shopfloor, as well as 

data derived from other modules of SHERLOCK, such as On-line Safety Assessment Module (OSAM 

- D5.3), Workspace Monitoring Module (WMM – D4.2) or Process Perception Module (PPM – D4.1) 

in order to provide simulations as valid as possible based on the current circumstances existing at the 

shopfloor. In sections 6.1.4.1 to 6.1.4.6 some further details on the used evaluation criteria are 

examined, along with brief explanation on their respective use.  

 

Figure 11: Evaluation criteria user options 

6.1.4.1. Cycle time (target: minimize) 

The total amount of time required to complete all actions comprising the part assembly, increasing 

production rate and throughput. 
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6.1.4.2. Walking distance (target: minimize) 

The total distance covered by the human worker(s), while they are executing tasks relevant to the 

assembly plan. The algorithm aims to minimize this value, so as to relieve the humans of excessive 

movement around the workspace, by minimizing the distance between the ones carried out by them or 

assigning more tasks to the robots. 

6.1.4.3. Resources Utilization (target: maximize) 

The percentage of the cycle time that the resources were contributing to the execution of the assembly 

plan. A high value means that all resources were utilized as much as possible and task concurrency 

was achieved. 

6.1.4.4. Non-adding values activities time (target: minimize) 

The ratio between the non-adding values activities duration and the cycle time. The former is the 

amount of time spent executing tasks that are of non-adding value to the actual assembly. These tasks 

include moving, acquiring tools and parts, inspection by a worker, etc.  

6.1.4.5. Ergonomics (target: Meet thresholds) 

This criterion asserts the current state and flow of the execution and determines the value of RULA-

base metrics of the workstation. By setting the required parameters, the user can set constraints on the 

maximum acceptable values for the alternatives generated, based on some of the provided RULA 

metrics (Figure 12). 

 

Figure 12: Ergonomics constraints 

6.1.4.6. Safety (target: Meet thresholds) 

This criterion asserts current state and flow of the execution and determines the value of safety 

metrics of the workstation. It aims to reject any plans that do not conform to the minimum distance 

constraints set between humans and robots for non-cooperative tasks (Figure 13).  
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Figure 13: Setting the safety rules 

6.1.5. Output review 

The constructed framework will be capable to store valuable simulation and execution metrics during 

and after the task and action planning algorithm decides on optimal solutions. After the generation of 

each plan according to the workshop information and user defined parameters, the operator can view 

all details concerning the plan metrics (Figure 14) and information about assignments (Figure 15). 

The estimated scores about the evaluation criteria are also provided, offering a perspective on how 

well each assembly goal was achieved (Figure 14). Critical to the decision making are also the 

individual parameters set concerning the quality and depth of the search method. These parameters, 

decision horizon (DH), sample rate (SR) and maximum number of alternatives (MNA) analyzed in 

Section 6.1.3, are shown in the plan’s ‘Settings’ perspective (Figure 16). 

 

 

Figure 14: Generated plans and their respective metrics 

 

 

Figure 15: Outlook on the assignments and task sequence of a generated plan 
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Figure 16: Details about the search parameters used for a generated sequence 
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6.2. Factory level Task Planner 

In this section, we first provide the workflow and the conceptual model for the OTIS Hanger 

Scheduling Problem as an instance of the factory level task planner. Then, a constraint programming 

model for solving the problem will be given.  

6.2.1. Workflow for the Hanger Scheduling Problem 

As detailed in D1.1 [6] , OTIS Hanger assembly station receives hangers and corresponding order 

components to be assembled and provides assembled hangers to the downstream station. Each 

customer order has several attributes as depicted below in Table 1. 

 

Manufacturing 

order number 

Contract 

number  

Sequence 

(priority) 

number 

Due 

date 

Quantity Order 

width 

Order 

height 

Numeric Alphanumeric Numeric Date Numeric Numeric Numeric 

Table 1: Input for hanger scheduling application 

 

The are several points that need to be considered by the scheduling application as well:  

• One contract number (customer order) might have several manufacturing orders 

• Stands need to be adjusted for every new width of hangers (see D1.1, page 12) 

• Due to safety and smooth order tracking, it needs to be avoided to place hangers with 

different sizes on carts (D1.1, page 13), as much as possible 

• Current priorities in input data are computed heuristically with backward scheduling logic by 

ERP system and better to be in-line if possible. 

The scheduling application needs to take into account these attributes and find the best ordering of 

hangers in terms of multi-criteria objective function and constraints depicted in below conceptual 

model:  

Minimize (in lexicographic order): 

1. Absolute difference between the due date and completion time  

2. The number of setups due to hangers with different width sequenced consecutively  

3. The priority violations 

4. Number of length changes between consecutive hangers due to minimize safety risks 

Subject to: 

1. Doors of the same order must be assembled sequentially 

2. Channelling constraints to relate different variables and objectives 

 

 

 

 



SHERLOCK  820689 

-19- 

6.2.2. Constraint based scheduling model for factory level task planner 

In this section, we will provide a constraint programming formulation of the conceptual model given 

in the previous section.  

Constraint programming is a unified method to solve combinatorial decision problems which 

combines techniques from various domains like artificial intelligence, operations research, graph 

theory. The underlying idea is that the user expresses the decision rules (i.e., constraints) through a 

constraint solver which solves the problem [5] . 

Constraints indicate the relations between variables which together will constitute a Constraint 

Satisfaction Problem (CSP) that states which relations should hold among the given decision 

variables. An instance of the CSP is described by a set of variables, a set of possible values for each 

variable, and a set of constraints (relations) between the variables. The set of possible values of a 

variable is called the variable’s domain. For a scheduling problem in a manufacturing shop floor, the 

decision variables might be the starting times and the durations of the activities and the resources 

required to perform them and the constraints might be the availability of the resources such as 

performing limited number of activities at a time or precedence relations between some activities. The 

question to be answered for an instance of the CSP is whether there exists an assignment of a value 

for each variable from their domain such that all constraints are satisfied. If there is, such an 

assignment is called a solution. 

In the following, we provide the notation required for formulating the problem.  

 

Parameters: 

  

  

 
 

  

  

  

 

Variables:  

  

 
The width and the length of the predecessor of job j in J 

 Binary variable indicating a change in the width or length  

when job j starts 

  

  

 Binary variable indicates that whether consequent jobs are in 

line with their predefined priority number or not 
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Constraint Programming Model for OTIS hanger scheduling problem is as in the following: 

 

(1) 

 

(2) 

 

(3) 

 

(4) 

 

Subject to: 
 

 (5) 

 (6.1) 

 (6.2) 

 (7.1) 

 (7.2) 

 
(8.1) 

 (8.2) 

 (9.1) 

 
(9.2) 

 
(9.3) 

 
(10.1) 

 (10.2) 

 
(10.3) 

 (10.4) 

 

Objective function (1) minimizes the deviation from the due date and the completion of the individual 

job, hanger. Note that while delay in the completion time causes losing customer goodwill, producing 

earlier equally causes inventory holding cost. Objective function (2) is minimizing the number of 

setups due to changing position of fixers. The third objective function (3) minimizes the discrepancy 

between priorities of hangers produced consecutively and tries to ensure hanger with higher priority 

number is produced before than the lower one. And the last objective function minimizes the change 

of length of hangers produced consecutively.  
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Constraint (5) is a global constraint4 makes sure that all jobs are processed by ensuring a Hamiltonian 

Circuit on the graph of set of jobs where jobs represent the nodes using circuit global constraint5.  

Length and width of the job in sequence is taken from the job in the Hamiltonian Circuit through 

element6 global constraint as a channelling constraint7 through equations (6.1) and (6.2). Setup 

constraints (7.1) & (7.2) and length change constraints (8.1) & (8.2) depict that corresponding binary 

variables (i.e., changeover) needed if and only if the width (or length) of the current hanger is 

different than the previous one. Constraints (9.1) and (9.2) channel the sequence variable and its 

position in the permutation variable together with position variable (9.3). Finally constraints (10.1)—

(10.2) channels the model priority violations (the higher the priority of the job i, the lower is the value 

of pi) 

Above constraint programming model is implemented in C#8 environment and solved by using open 

source solver Google OR-Tools9 and gives the best sequence of jobs optimizing the objective function 

described above.  

 

4 https://www.sciencedirect.com/topics/computer-science/global-constraint 

5 https://sofdem.github.io/gccat/gccat/Ccircuit.html 

6 https://sofdem.github.io/gccat/gccat/Celement.html 

7 https://web.imt-atlantique.fr/x-info/sdemasse/gccat/Kchannelling_constraint.html 

8 https://docs.microsoft.com/en-us/dotnet/csharp/ 

9 https://developers.google.com/optimization 
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7. FUTURE PLANS 

As per the future plans related to the TAPS module, these can be summarized as follows: 

➢ Integration of first prototype of TAPS with the first prototype of the rest of the modules of 

SHERLOCK (M24) 

➢ Development of the second prototype of TAPS (M36) 

➢ Integration of the second protype of TAPS with the second prototype of the rest of the 

modules of SHERLOCK (M42) 

As far as the development of the second prototype of TAPS is concerned, some of the planned 

activities involve:  

i) implementation of additional criteria for the cell level TAPS,  

ii) connection of the cell level TAPS with the Shopfloor Digital Representation (SDR) module,  

iii) development of the real-time re-planning feature of cell level TAPS, allowing the on the fly 

re-planning of the task assignments based on the status of the shopfloor (position of human 

operators inside the shopfloor, tasks that have already been executed, deviations from initial 

plan etc.),  

iv) enhancement of the GUI supporting more functionalities that will facilitate the pre and post 

processing of data and results,  

v) merging of the cell level and factory level TAPS instances to one software,  

vi) development of GUI for the Factory Level TAPS,  

vii) Enhancement of factory level TAPS to allow the proposal of the best alternative generated 

based on criteria weight initially configured by the user. 
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8. CONCLUSIONS 

In this document the initial prototype of SHERLOCK Task and Action Planning module was 

described in detail. For better organization of the different demands that comprise the factory and the 

cell level implementation of the current module, the implementation was split in two divisions. Both 

are based on a similar architecture, but each one specializes in the efficient scheduling of different 

steps of the assembly workload. 

For the cell level division, the focus was placed on efficient and effective planning of processes 

performed in a deeper level of the assembly line, where the actual usage of parts and resources takes 

place. After importing the required cell level action descriptions and available resources, an AI based 

algorithm was designed to create optimized sequences of task-resource assignments based on various 

user defined criteria, aiming among others for fast, efficient and safe Human-Robot Collaborative 

manufacturing. 

For the factory level division, the effort was put on modelling the OTIS case as a Constraint 

Satisfaction Problem. The goal was to process the customer orders so that variables such as the 

deviations from due dates and the reconfigurations of the workflow between orders reaches a 

minimum. The same principle applies to the rest of SHERLOCK use cases. 

The TAPS module integration is expected to increase workload reconfigurability and assembly line 

efficiency, as it provides fast orchestration of human and robot resources operations assignments. 

Furthermore, it will increase productivity and ergonomy, since high fatigue or repetitive tasks will be 

assigned to robots. Efficient utilization of multiple resources will also lead to increased concurrency 

in task execution. 

As per the goals set, the current module satisfies the planned roadmap. This initial prototype is the 

first milestone for the development of the TAPS module. The next steps involve the enhancements of 

this module and the provided functionalities. TAPS will be evaluates at the VDL and OTIS use cases. 
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9. GLOSSARY 

SOP Start of production 

XML eXtensible markup language 

WSN Wireless Sensor Network 

EAP Electroactive polymers 

SMA Shape memory alloy 

DPWS Device profile for web services 

TAPS Task and Action Planning Software (module) 

WAR Workload and Resources (model) 

POM Product and Orchestration Manager 

JS JavaScript 

HTML Hypertext Markup Language 

CSS Cascading Style Sheets 

MongoDB Non-SQL database program 

IDE Integrated Development Environment 

HRC Human-Robot Collaboration 

HRI Human-Robot Interaction 

AI Artificial Intelligence 

CSP Constraint Satisfactory Problem 

SDR Shopfloor Digital Representation 

WMM Workspace Monitoring Module 

PPM Process Perception Module 
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