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Abstract- This paper introduces a method for finding a deadlock free route in decentralized organized high complex 
transportation system with an example of a distribution center. These systems distinguish themselves by their complexity in 
transportation more specific in blocking and jamming of transportation goods during runtime. Furthermore, the decentralized 
control structure ensures more flexibility and a better scalability but lacks in information collecting. This heterarchical 
approach need a routing method capable in operating autonomously with local information and information collection by 
communication. Current approach focus on hierarchical structure by collecting data during runtime and defining a 
transportation plan at specific times. The introduced method allows an only routing based on dynamic system structure and 
calculating partial path during runtime based on current local information. This enables a high throughput by considering 
changes in transportation like time changes. 
 
Index Terms- Computer engineering, Information engineering, Mechanical engineering, Software engineering.  
 
I. INTRODUCTION 
 
To increase flexibility and scalability current research 
in Internet of Things, Industry 4.0 or Cyber-Physical 
Systems focus on decentralization and 
self-configuration to react on changes in the 
environment [1]. Such system structure change result 
in a paradigm shift from strict hierarchical to 
heterarchical control with focus on cooperation and 
communication to reach a common goal [2, 3]. 
Furthermore, current system structure increases in 
distribution centers to overcome the current market 
needs in transportation and delivery. This results in an 
increased complexity because more complex 
decentralized and autonomous control in logistic 
processes are needed [4]. 
 
To reduce the complexity current research focus on 
modularization by using design elements inspired by 
the domain of software architecture like 
Software-Oriented-Architecture[5] or so called 
Class-Oriented Pattern [6] to provide services between 
agents (e.g. conveyor offering the service 
transportation). 
Several approaches exist for low level control of 
motors based on sensor data and upper layer control 
[7, 8] for conveyor systems.This approaches lack high 
level control like routing, load balancing and error 
handling. Therefore, this paper introduces a routing 
method for decentralized controlled conveyor systems 
in high complex distribution systems. This paper is 
organized as follows: first the technology is 
introduced which is used for decentralized control, 
afterwards the method will be exampled capable in 
controlling the conveyor systems, based on the 
limitation given by the technology. Afterwards the 
evaluation will be shown with the throughput data. At 
the end a conclusion is given.  

II. BACKGROUND 
 
Distribution centers or depots focus on storing, 
picking and packing, consolidating and distribute 
goods in the supply chain between several entities. 
Goods have to be transported between each station to 
fulfill one of the introduced elements. To increase the 
throughput automatized conveyor systems have been 
introduced. Enabling a human free transportation of 
goods in short time. Conveyor systems consists mostly 
of transportation units like roller decks and sorter for 
continuous transportation. Roller decks are motorized 
continuous conveyors mostly powered by an electrical 
motor with a belt or chain. They allow a bidirectional 
transportation, e.g. forth and backwards. Sorter allow 
the changing the direction or alignment of the good. 
This can be done by lifting and rotating or arranged in 
pair’s roller for direction changing. Current control is 
hierarchical as shown in fig. 1. 
 

 
Fig.1: Hierarchical control of conveyor systems [9, translated 

by10]. 
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Each level is responsible for one specific task, mainly 
computed by one or more servers. Routing is done on 
level 3 and implemented project specific for the route 
finding method to compute optimal routes. The 
decision made the routing are propagated to level two 
to the programmable logic controller (PLC) to 
compute the necessary analog/digital outputs for 
motor control. Such hierarchical and project specific 
solution lacks in scalability and flexibility,  
because the underlying transport system has to be 
adapted to each project.  
In fig. 2 shows the harmonization from hierarchical to 
heterachical control. Instead of one or more servers 
computing higher level services (e.g. routing) each 
component is assigned one service and others are able 
to contribute or retrieve this specific service. This 
leads from a monolith hierarchical control to a flexible 
and scalable heterogeneous control based on 
communication and decision making.  
Therefore, in automatized decentralized control the 
focus relies on communication and decision making. 
Each component fulfills one service being able to 
provide and retrieve other services for a common goal.  
 
III. METHOD 
 
This chapter describes the method for a deadlock free 
route reservation in high complex distribution centers.  
First the underlying graph is introduced for describing 
the transportation network of continuous conveyors 
and their transportation directions at one specific 
period of time. Then the Time-Window structure for 
one specific transportation task is presented, which 
enables a deadlock free routing. Last the scheduling 
isintroduced for load balancing for bidirectional- and 
concurrent transportation flows.  

 
Fig. 2: Harmonization of control structures [11]. 

 
Fig. 3: Example transportation system with two sorters and 

four continuous conveyors. 

A. Underlying Graph 
The underlying directed graph is used for defining 
transportation task and detection of possible deadlocks 
for a deadlock free route reservation. A Transportation 
task will be coded by an edge between two nodes with 
a flow direction and a time window representing the 
estimated time of arrival and execution time. Each 
creation of one transportation task will trigger a 
possible deadlock check based on the already planned 
transportation tasks at one node and his outgoing 
edges.  
 
Let G = 	 (V, E) be a directed graph with V as the set of 
Vertices and E  as a set ofordered pairs. Each pair 
in E ∈ {(i, j)	|	i, j	 ∈ V, i ≠ j}  is a 2-Tuple e ∈
Ewith	e = (i, j).i is called the tail and j the head and 
considered to be a direction from i ∈ V  to j ∈ V . 
Analog to a transportation systems V  represents the i 
TU with more than two interfaces (e.g. sorter). E is the 
i Tuple with a set of TUs 
between two TUs with more than two interfaces (e.g. a 
set of sequential organized conveyors).  
Fig. 3 shows a simple transportation system with the 
underlying digraph (short form for directed graph). 
The two squares with a circle are sorter for distributing 
containers in the system. Both sorter (V  and V )have 
four interfaces to transport containers in one of the 
four cardinal directions.  
The TUs with two interfaces connected to each other 
are aggregated in edges when between TUs with more 
than two interfaces. This TUs (with two interfaces) 
only allow a simple transportation, unidirectional or 
bidirectional.  
Unidirectional transportation is represented by a fixed 
edge (i, j) 	 ∈ V  between the Vertices V  and V . 
Whereas  
bidirectional transportation need a time period for 
possible deadlock detection and prevention. 
Therefore, the definition for edges will be extended to 
timed edges by set of sorted pairs of 2-Tuple 
(T , T ) representing the start and end time for one 
directed edge. Unidirectional transportation have the 
fixed 2-Tuple (0,∞)  with the start time 0  (system 
start) and end time ∞ (until system end). The final 
form of an edge is: V , V , (T , T ) . 
The indegree of one node is denoted by deg (v) and 
outdegree deg (v) . A Vertex with deg (v) = 0  is 
called a source and a vertex with 

deg (v) = 0  is called 
a sink. A flow at one period of 
time is defined as 

V , V , (T , T )  in contradiction an inverse flow as 

follows V , V , (T , T ) . A deadlock occurs when 
(T , T ) overlaps with (T , T ) as shown in Fig. 2. 
Analog to transportation systems each conveyor is 
only capable in transporting in one direction at one 
period of time. Therefore, if an inverse flow exists 
with an overlapping  

푉  푉  
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Fig. 2: Inverse flow with overlapping time periods between two 

Vertices. 
 
period a deadlock will occur which results in system 
instability. 
 
B. Time-Window Structure 
Time-windows are used as a representation for 
handling task of one container at one TU at a specific 
time. It defines the period of time the container arrives, 
handling time and the operation itself. Timed edges 
are used for defining and scheduling tasks at specific 
time-windows based on graph algorithms.  
A time window w ∈ Wis a 4-Tuple and consists of a 
start time, duration, end time and a flow direction and 
is defined as follows: w ≔ T , D , T , F .  
Each flow direction consists of a 2-Tupel with pairs 
F ∈ {(i, j)	|	i, j ∈ C, i ≠ j} with C  as the set of all 
TU.Analog E = C × … × C ∶= 	 {(c , … , c )	|	c ∈
C 	for	i = 1, … , n} each edge consists of at least one 
TU and V = {	x ∈ C	} is exactly one TU. Therefore, 
C = E ∩ V a TU is exactly in one vertex or one edge. 
A tuplef ∈ Fwith (i, j) is called a flow from the source 
i  to the target j  over one TU. The execution and 
finishing time of one task cannot be foreseen due to the 
dynamic behavior in transportation in high complex 
distribution centers. To enable a sufficient planning an 
opportunistic time window is given where the task has 
to be executed.  
Each Task is connected indirectly by sequential 
operating tasks (one task follows by another one, with 
the output equal to the next input). Each controller 
stores his own tasks and is only capable of information 
retrieval by direct communication with other 
controllers. Therefore, each TU consists of one 
controller responsible for storing and organization of 
tasks.  
 

 
Fig. 3: Representation of one flow for container transportation. 

C. Scheduling 
themselves with local information’s and collected 
information’s by communicating with neighbors. 
Local and collected information’s are used for 
computing the tasksdataand scheduling for controlling 
the container when arriving at the TU. Local 
information’s are the scheduling data itself (previous, 
current and future tasks). Previous tasks are used as a 
knowledge database to compute future tasks. The 
computation of the tasks duration is shown in (1) and 
called dwelling time. It is the time the container needs 
to be transported over the TU[1]. 
 

 
In (1) the first term T ,  describes the transportation 
time from one end to the other end over one TU based 
on a previous selected percentile p. p will be defined 
before the system starts and stays constant. The second 
term is the cumulative blocking time of all successor 
containers on the path to the destination.  
To be able to schedule a task in decentralized 
controlled TUs, each controlled manages his own 
scheduling table. Therefore, every task t ∈ T  is 
exactly assigned to one controller c ∈ C  with 
l: T → C, t ⟼ c. After determining the dwelling time a 
constant safety value time s will be used to compute 
the start and end time of the task.  

 
In (2) the start time is computed by the previous task 
end time during the transportation path of one 
container i.The relative starting time (relative to the 
current absolute time) is zero otherwise the end time of 
the previous task at the previous TU. 
In (3) the end time of the task will be computed by it’s 
starting time and dwelling time of container i at the 
current TU and the safety time s. 
After defining the tasks attributes a feasible processing 
time has to be found. This is the first empty time 
window with higher than the needed transportation 
time. Therefore, minimum starting time is described in 
(4). 
 

 
 
The minimal starting time (4) for task i is the minimal 
end time at the first free time window with more 
thanneed transportation time shown in (5). 
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If the time window is bigger than T , − T ,  the task i 
for container i  will be scheduled on the current 
operating TU as shown in fig. 3. 
After defining the first possible handling time for one 
container on one TU, the route finding algorithm is 
able to compute a proper deadlock free route from the 
source to the destination in the distribution center.  
Each scheduled task has an impact on the underlying 
graph for route finding. The direction coded inside the 
task changes the direction of the edges between 
vertices.  
 
D. Route Reservation 
To find a proper route for one container the route 
finding algorithm has to ensure a deadlock free routing 
and the graph structure changes during runtime. The 
consequence of a deadlock event is system instability 
by waiting TUs not able to handle containers anymore. 
A cost intensive method needs to be run to resolve 
such deadlocks. Therefore, a robust routing is 
preferred without deadlock occurrence.  
One promising technique is opportunistic routing by 
computing partial paths during runtime until the 
destination has been reached. Each partial path has a 
maximum length ε and the computation of the next 
partial path is computed when the θ element in the 
partial path ψ has been reached. 
A route r ∈ R is a sequence of partial paths ψ ∈ Ψ 
described in (6). The sequence r  is sorted by the 
starting time of each partial path. In (7) a partial path is 
defined as a sequence of tasks, each mapped to one 
controller. One task t  is mapped to exactly one 
controller c. One partial path ψ stores all tasks from 
all passing TUs (One TU is related to one controller) 
in time processing order such that t , < t ,  is 
fulfilled. The previous end time of task t ,  must be 
smaller (earlier execution) then the next tasks starting 
time t , . 

 
The route reservation algorithm operates as follows: 
1. Check if destination can be reached at current 

vertex. 
2. Add current costsand nodeto the temporary partial 

path. 
3. Ask all neighbors if they are able to reach the target. 
4. If reachable, send them the current computed 

temporary route r. 
5. When temporary route has been received go to 1 
6. After a feasible partial path has been found the 

temporary partial path becomes a fixed partial path 
by reserving the tasks and schedule them locallyon 
the TU along the path. 

Each TU along the fixed partial path will execute the 
defined transportation task when the defined container 
arrives.  

To prevent a deadlock during an edge while 
transportation, a handshake is done with the opposite 
node. This handshake transforms the direction of the 
edge for future partial path finding. A smaller partial 
path enables a more robust route for one container but 
increases the amount of computational tasks by 
increasing the number of partial path needed for one 
route.  
In contradiction, bigger partial path reduces the 
computational overhead by reducing the number of 
partial path for one route, but changes during runtime 
are not considered after the path becomes fixed. This 
results in fix routes not considering future 
transportation and lack in reaction in dynamic 
behavior of the system.  
 
IV. EVALUATION 
 
The evaluation shows that the timed window approach 
with inverse flow detection enables a feasible 
routing.Such routing is free of deadlocks prevented by 
the time window route reservation. Therefore, the time 
windows have to adhered by the physically 
transportation so no inverse flow can occur during 
transportation.  
This section is organized by defining the simulation 
model with the used transportation units and their 
behavior first. Afterwards the input distribution for 
each source will be introduced. And last the recorded 
throughput and time window misses in seconds will be 
shown. 
E. Simulation Model Description 
The simulation model is an anonymized project 
distribution center from one of the biggest package 
handling company in the world. Its main goal is the 
fast transportation of packages in containers for 
sorting and distributing form the entry truck docks to 
the exit truck docks for delivering.  
This model consists of three transportation units. The 
first unit is 
F. Source Distributions 
Number citations consecutively in square brackets [1].  
 
G. Results 
Define abbreviations and acronyms the first time they 
are  
 
CONCLUSION 
 
The word “data” is plural, not singular. The subscript 
for  
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