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Abstract 
This paper presents a generic reference architecture for an automatic real-time production 
control system for one-of-a-kind production. The reference architecture is based on an off-line 
and a real-time part. The off-line part contains (re)Scheduling and Job decomposition modules. 
In the real-time part are the following modules active: Fine (re)scheduling, Dispatching, Shop 
floor, Observer/estimator and Simulator/monitoring. A production line from a ship yard is ap
plied to the reference architecture as a case. The modules in the reference architecture are 
identified and described in the case. 
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INTRODUCTION 

In "One-of-a-kind" (in the rest of the paper abbreviated to OAK) production systems it is expe
rienced that real-time shop floor control has great difficulties in staying robust towards distur
bances and being able to meet the required through-put time, productivity and quality mea
sures. 

Disturbances are primarily caused by nonpredictable variations in materials supply, part 
tolerances, duration of the various processing cycle times, availability of tools/equipment and 
equipment break downs. These kinds of events often require a real-time rescheduling of the 
production plan of the shop floor activities. Such a rescheduling activity requires a real-time 
handling of a huge amount of data, hence it may often have a negative impact on productivity, 
quality and cycle time. 

Q. Sun et al. (eds.), Computer Applications in Production Engineering
© IFIP International Federation for Information Processing 1995



310 Part Seven One-of-a-kind Production 

Todays production control systems (Browne, 1988} deals with automatic material handling 
and storage systems, automatic fabrication/assembly processes, computer aided testing and 
computer aided process planning. 

In the literature real-time feedback from the shop-floor is mentioned, but the use of this in
formation for a real-time rescheduling is not discussed in details, so there don't exists any re
ference architecture for a real-time shop floor control for a OAK production system. 

The aim ofthis work is to introduce concepts of automatic control (feed back techniques) in 
order to control real time rescheduling processes and thereby handle production control activi
ties for OAK production systems in a more robust manner. 

GENERIC REFERENCE ARCHITECTURE 

A generic reference architecture for an automatic real-time production control system for OAK 
production is proposed in figure 1. As indicated the reference system comprehends several 
different functional subsystems: Off-line (re)scheduling, job decomposition, real time (re)sche
duling, real time dispatching, shop floor production, estimator/observer, simulator/monitoring. 
These subsystems are shortly described in general terms in the following sections. 

Off-line (re)scheduling 

The function of the off-line scheduling is to produce a master production plan (Tu, 1993}. A 
master production plan is the time sequence of tasks for producing OAK products. The 
planned sequence will have great influence on the material logistic, because the planning must 
make sure that all materials must be in the right place at the right place and in the right quality. 
A rescheduling of the master plan is in focus if unforeseen events appears on the shop floor, 
which will change the production conditions so that the plan may not be held. i iiir~·~;~;-- ·· ·· ·· ----· ····· · ·· ---- ·· ·· ·; 
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Figure 1 A generic reference architecture for an OAK production control system. 
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Job decomposition 

Through a job decomposition process the master plan is broken down into a hierarchy of tasks 
and subtasks, called the product production structure (Tu, 1993), based on the processes 
needed for the production of the product. In figure 2 an example of a product production 
structure is shown. The product production structure ends at the lowest task level, called ele
mentary tasks. 

The product production structure illustrates the sequential hierarchy of tasks necessary to 
be carried out when the product is produced. The production starts with the elementary tasks, 
then the subtasks and further up in the hierarchy until the OAK product is finished. 

An elementary task is the smallest task entity to be considered. A further decomposition will 
dissolve the task objective, e.g. by leading to an unacceptable level of quality, e.g. the welding 
of a seam must not be interrupted. 

The job decomposition have, via the product production structure opened the possibility to 
intervention on several levels in the task hierarchy. E.g. where the lowest level (the elementary 
task) will concern only one robot, the second lowest level (subtasks) will concern task division 
between robots in a cell, and so on to the top level with the entire OAK product. 

Output (product) Task 

______________ / 

Elementary 
task 

Input (rawmaterials. subproducts) 

Figure 2 An example of a schematic production 
structure. 

Fine (re)scheduling 

Product 
completion 
stale 

ime 
Figure 3 An example of a manufacturing 
state graph. 

Subtasks and hereafter elementary tasks are scheduled, in the fine scheduling module, with re
spect to various optimisation rules, e.g. physical connectivity, time consumption, quality. The 
rules are selected so a specified criteria for an optimal production is achieved. The current 
manufacturing state also influence the fine scheduling, because resulting deviations from the 
previous executed tasks (caused by unforeseen events) may change the schedule. Larger de
viations at the sub task level may result in the need for a rescheduling of tasks that will make it 
possible to complete the tasks according to the master plan. 

Examples of unforeseen events that cause deviations (from the schedule) during the execu
tion in a cell, can be a too big gab between two parts being welded together, welding pistol 
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runs out of wire, robots are unable to grasp materials. Such deviations in production parame
ters requires a rescheduling in real-time of the subtasks for correcting the error and for obtain
ing an updated optimal schedule under the new production state in the cell. 

Dispatching 

The scheduled elementary tasks are assigned to the actual machine (e.g. a robot) by the dis
patcher. On basis of termination signals from the previous task, the dispatcher initiates the next 
elementary tasks e.g. by loading robot programs from the database and download it to the 
relevant controllers on the shop floor. 

Shop floor system 

The shop floor is here considered as a production system consisting of the three elements, 
controllers, actuators and processes. This three-component model can be considered in several 
levels in an OAK production system, generally leading to a recursive description of all levels in 
the shop floor. The terms are here defined as follows: 
Controller Unit which creates signals to the actuators so that the motion of the actuators 

follows the specified references as close as required. 
Actuator Device, which introduces some sort of mechanical, electrical, thermal power to 

activate or execute a process. 
Process Transformation of the input material to the desired output/state. 

Observer/estimator 

For being able to perform real-time control of an OAK production system, states from the pro
duction needs to be collected and fed back from the shop floor to the control unit. Decisions of 
external interference is supported by different visualisations of the real-time development on 
the shop floor. 

Different manufacturing states are observed/estimated by the observer/estimator unit. The 
observed states are chosen so the remaining states can be estimated, and together create an 
adequate real-time description of the entire production. 

The necessary states to be observed and the sample frequency have great impact on the 
stability and controllability of the entire production control system. A too high sampling fre
quency may result in rescheduling in a situation where the local controller is able to handle the 
situation without external interference. On the contrary, a too slow sampling frequency may 
not react fast enough and lead to an expansion of the problem. If the proper sample frequency 
is not chosen, the unforeseen event can make the control problem propagate a level up and the 
entire system may become unstable (Rasmussen, 1993). If the right manufacturing states are 
not fed back, the real-time production control system are not able of taking the correct deci
sions, and a non-optimal production sequence may be executed. 

The observer/estimator unit observe/estimate manufacturing states for which reason a dis
crete model of the shop floor system must be formulated. Some methods for using discrete 
methods are described in (Franke, 1994) and (Baccelli, 1992). 
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The manufacturing state variables consist of product state variables, product producing 
state variables and configuration- and preparation state variables. An extended description can 
be found in (Holm, 1994). 

Product state variables consist of geometric-, materiaVsurface property state variables. 
Product producing state variables consist of material transformation- and assembly state vari
ables. Preparation state variables consist of product configuration state variables, product 
preparation state variables and equipment preparation state variables. To use a set of these 
state variables, they must of course be observed and/or estimated. 

The product states are often assumed to be as they are specified, e.g. the geometric states 
(e.g. dimensions) of a product are assumed to be as the drawings specify. 

Product producing state variables can be (observed by sensors or) estimated based on other 
state variables. E.g. the product producing state variable "% finished" can be estimated based 
on positions, velocities, etc., ofthe current equipment. E.g. a welding is half(50%) finished if 
the attached welding robot is half through the welding trajectory. 

The states of the production equipment (a subset of configuration- and preparation state 
variables) are used for local control and for monitoring. 

Simulator/monitoring 

Observed and estimated manufacturing states are used for real time simulation of the produc
tion system. Such simulations are used for creating real-time information to the operators so 
they can observe the state and the course of the production so they can intervene when neces
sary, e.g. when a machine breaks down. 
The monitoring is based on real-time information such as a graph illustrating the product state 
as a function of time (figure 3}, a list of the current task of the robots, etc. 

A CASE APPLYING THE GENERIC REFERENCE ARCHITECTURE 

A dedicated existing production line has been redesigned using a fully automated concept. The 
automated production line will then be used as a test bench for the testing of real-time produc
tion control procedures. The chosen line is a typical ship web-panel production line. Web-pa
nels are frequently used elements in shipbuilding for obtaining sufficient stiflhess in the ship 
structure. 

Shipbuilding is today, like most production areas, confronted with continuing increased 
competition. This requires improvements in quality and productivity. One way to obtain this, is 
to introduce a new reference architecture for automatic real-time (feed back) production con
trol systems whereby through-put time, delivery times are met, production delays, idling times 
are avoided and requirements on efficiency, productivity and quality are achieved. 

The design of web-panels is most often one-of-a-kind, which means that the production of 
the web-panels can be regarded as an OAK production system. On basis of the requirements 
on an existing line today and the desired improvements, a new physical layout of the line has 
been developed, figure 4. A simulation model of the production line is also developed and im
plemented. The concept laid down in the reference architecture is being tested and evaluated 
by simulation of the modelled line. 
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Cell 

Cell 

Figure 4 The one-of-a-kind production line for the shop floor control system of the web-panel 
line. 

When receiving a task for full welding seam no 1 

Job decomnosilion 
Full welding seam nr 1 
#I position lA 
#2 weld IA-18 
#3 position 18 
#4 weld 18-tC 
#5 position ID 
#6 weld lD- 18 
#7 position rest- position 

Eine scheduling 
#l #2 #5 #6 #3 #4 #7 

Dispatching lC 

Figure 5 Example of the tasks executed in the module. 

In figure 6 (element in level D) a product from the web-panel production line is shown. A 
web-panel consists fundamentally of two types of elements, stiffeners and web plates. The 
production sequence of a web-panel according to the layout in figure 4 as follows. 

Station 1: Placing of web plates on the rollers with the portal crane. Tack welding oflongi
tudinal stiffeners with the long tack robot. Station 2+3: Tack welding of the shortest longitudi-
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nat and all cross stiffeners with the long/cross robots. Station 4+5: Full welding oflongitudinal 
and cross stiffeners with the full welding robots 4-9. 

The generic reference architecture (figure 1) can be used on different levels of the produc
tion. Each time a lower level is examined, the modules of the shop floor (controllers, actuators 
and, maybe, processes) are expanded to contain the whole reference architecture (new objects 
are inspected but the same model is used). The case will be described according to the division 
of subsystems carried out in the theoretical section. The various levels used in the case will be 
described shortly in the following. 

From the product production structure (a schematic hereof is shown in figure 2) is some 
information of the job decomposition obtained. The product production structure contains only 
the levels D, E and F (explained below). The D level contains the tasks, theE level contains 
the subtasks and the F level contains the elementary tasks 

At the lowest level, F, the elementary tasks (e.g. a welding seam) are performed, see figure 
6. At the level above F, is E, where the subtasks, consisting of a set of elementary tasks, are 
performed (e.g. a set of welding seams). The D level contains the performance of a set of 
subtasks (e.g. manufacturing a complete web panel). The level C contains the whole produc
tion line as shown in figure 4. The level B is the assembly of the web panels (coming from the 
shown line) to blocks. Finally the A level is the assembly of blocks to a ship. 

LEVELS 

A Ship 

B Block 

C Section 

E Subtasks 

F Elementary tasks 
(one welding seam) 

Figure 6 Task decomposition. 

The following two subsections describe the activities in the case which fills in the various 
modules in the generic reference architecture (figure 1). First subsection (off-line activities) 
contains a description of the off-line modules: scheduling and job decomposition. These are 
only carried out once (or rare, depending on how the production elapses). Second subsection 
(real time activities) contains a description of the real-time modules: Fine (re)scheduling, dis
patching, shop floor, estimator/observer and simulator/monitoring. 
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Off line activities 

A master plan is generated, containing a description of which web panels to be produced. Are
schedule could take place if some unforeseen events occur. That could be a break down of 
production equipment, causing that the master plan should be completely remade. It could be 
lack of materials, causing a production of the next batch of panels to be advanced in the overall 
schedule. The master plan generation and rescheduling is mostly taken place in the top level of 
the production. Hence it covers a large time horizon, which gives the rescheduling a big impact 
on the production. 

The master plan is broken down Gob decomposition) in to a set of sub tasks. At level D the 
sub tasks are jobs for the different production cells (process: tack welding, full welding), e.g. 
full weld the panels a, b and c in cell x. 

The shown production line in figure 4, contains 3 production cells: Station l (one cell, tack 
welding long elements), station 2 and 3 (one cell, tack welding short elements) and station 4 
and (one cell full welding elements). 

TheE level is the job decomposing to various processes (processes: tack welding, handling, 
etc.), e.g. some robots are handling units and other are distinctly tack welding units. At the 
lowest level (F) (process: moving elements of a robot) decomposed jobs are trajectories for 
e.g. welding seams. 

Real-time activities 

Real-time fine (re)scheduling is first taking place at the E level. Because at the D level the 
master plan defines the order of web panels to be produced. At theE level, the fine scheduling 
determines which robots to do what, e.g. robot 2 perform subtask E5 (tack weld) or robot 7 
perform subtask E41 (full weld). If an unforeseen event occur (e.g. a robot breaks down) the 
resisting resources (robots) have to share the extra burden. This requires a rescheduling of the 
current plan. One of the goals in the scheduling (and rescheduling) is to obtain equal time con
sumption of all the resoutces in one cell. The opposite situation could also occur: A resource 
(a robot) terminates earlier than expected. This requires also a rescheduling so the available re
source can assist the other resources (e.g. to terminate earlier). 

At the lowest level F, the schedule is, again, predetermined, as these elementary tasks are 
collected in robot programs (performing E-level subtasks). 

In figure 6 an example of the actions at the F level, described above Gob decomposition, 
fine scheduling and dispatching) is shown. Here a task for full welding of the comer ABCD in 
a ship section is received from the scheduler. The optimisation in this case is carried out with 
respect to quality at the expense of time: The schedule could have been faster by reversing the 
direction of the welding seam #6, but then the welding quality would have decreased. 

Dispatching at the D level is only to distribute the generated schedule to the cell controllers. 
At E level the robot programs are loaded from some off-line programming department and 
downloaded to the robot controllers. Moreover, the dispatcher determines when to start new 
processes (e.g. robot programs). This is based on termination feed backs from pro-
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cesses/actions which are previous to the current process. E.g. one welding is not started before 
another process (previous to the current) has terminated. 

At the D level, the shop floor represents the production line, where each controller is a cell 
controller, each actuator is a production cell and each process is either tack welding or full 
welding. 

At the E level, the shop floor represents the production cell, where each controller is a ro
bot controller, each actuator is a robot and each process is either tack welding or handling (in 
the tack welding cell). 

At the F level the shop floor represents the robot unit, where each controller is a joint con
troller, each actuator is a (robot) actuator and each process is the moving of the actuators. 

In the D level, the estimator/observer receives states from the different production cells. 
These states describes how the production is running concerning, time, quality, etc. The states 
are delivered further on to the scheduling unit, which compare the observed states to the 
planned states. 

In the E level, the observer/estimator observeres/estimates states from the production 
equipment e.g. robots (position, velocity, activity state, etc.), from the process, e.g. welding 
current and from the products, e.g. "%-finished". The states are delivered further on to the 
scheduling unit, where the original plans (desire states) are compared to the ob
served/estimated states. 

On the F level, the estimator/observer is a part of the robot controller. It receives the feed 
back states from the actuators (and maybe from the process). If the states fed back are not suf
ficient, they can be used for estimating states such that the process is controllable. These states 
are used for evaluating the current process in the scheduling unit, where they are compared to 
the reference set. 

A monitoring unit could, in this case, be a unit showing the state of various process parame
ters, e.g. welding current. The simulation unit could show the whole production line in 3D 
graphics to show the positions of the production equipment and the processed products and 
perhaps even record the fed back states such that the production could be shown again to for 
instance reveal errors in the production. 

PERSPECTIVES 

The proposed real-time control architecture, figure 1, is currently being evaluated and vali
dated by simulation tests based upon the application case in figure 4. The achieved results will 
be discussed with respect to portability and applicability in other production domains and de
sign rules for one-of-a-kind production systems will be derived. 
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