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A B S T R A C T

In manufacturing, the essential product characteristics are often created through multiple stages. Coupling
product data obtained through inspection and controllers based on decision models with prediction capabili-
ties enables quality control loops, enhancing both feedback and feedforward mechanisms. This paper pro-
poses a methodology to merge the formulation of feedback and feedforward quality control loops into a
performance evaluation model for multi-stage manufacturing systems. This approach evaluates quality con-
trol loop impacts system-wide, aiding in configuring and reconfiguring quality gates. A case study illustrates
how allocating inspection technologies and efficient decision models improves overall system performance
through effective feedback and feedforward control loops.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC
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1. Introduction

In manufacturing, the essential product characteristics, such as
mechanical properties or geometrical accuracy, are often created
through multiple stages. The rise of cyber-physical systems as well as
quality prediction models based on process-level digital twins [1], and
virtual metrology methodologies [2], are boosting the interest towards
the understanding of the relationship between quality strategies and
system dynamics. Quality control loops are a significant aspect of sys-
tem operations. They are often based on complex decision models that
link process variables to product measurements [3,4].

Feedback and feedforward control loops to improve quality and to
control part deviations, have primarily been analysed at process level in
multi-stage manufacturing systems, in multi-stage assembly systems
[5,6], and in lithography threads [7], by identifying suitable control laws
to adjust controllable variables. However, control strategies of this type
interact with the dynamics of the manufacturing system, depending on
the inspection policy or measurement technology used, as well as the
complexity of the decision model [8]. The aim of this paper is to explore
this less addressed research area, to allow further developments in the
integration of product-process models and system-level performance
evaluation, with a zero-defect manufacturing perspective.

Both feedback and feedforward quality control strategies are initi-
ated by the observation of quality information. In feedback quality
control loops, the information delay between the stage where the
deviation is generated and the inspection stage where the deviation
is observed is well known in production theory [9]. These loops aim
to be implemented as close as possible to the process that caused the
deviation. However, this is not always the case as accurate inspection
may require long times hence quality gates may be put downstream
in the process chain to identify several quality characteristics at once.
In any case, feedback quality control loops always imply a delayed
reaction to a shift in the process. In feedforward quality control loops,
the control action takes place in processes that are downstream the
machine that generated the deviation. If the control action is repre-
sented by the tuning of some parameters, the time needed to perform
the control action is negligible as it is part of usual process time. In
other cases, the feedforward control strategy may need time-con-
suming interventions, as in manual set-ups of fixtures, or a modifica-
tion in the routing of the parts [10,11]. Moreover, both feedback and
feedforward quality control loops imply the use of digital models
used for simulation and prediction, which are characterized by spe-
cific elaboration time as well as accuracy. In this context, digital mod-
els for deviation identification and classification of defects according
to product features are quite spread [12-14]. In the case of feedfor-
ward quality control loops, the prediction accuracy is essential for a
positive effect on quality performance since it affects the way the
downstream processes are tuned to counteract the original deviation.

Traditionally, system level and process control level have been
treated separately. Consequently, the allocation of inspection points and
quality gates along a line is done considering local quality aspects and
does not consider the impact of feedback and feedforward control loops
on system level performance. This work aims at addressing this gap,
hence assessing the impact of inspection points allocation and quality
loop management in the progress toward zero-defect manufacturing.
Specifically, feedback and feedforward control strategies in multi-stage
manufacturing systems are considered. The methodology firstly defines
the feedback and feedforward quality control loops. It then considers
their impact on system dynamics to derive the performance of the
manufacturing system. Therefore, this methodology is meant to be used
to configure and reconfigure complex manufacturing systems, taking
into account not only the dynamics of the physical resources but also
the dynamics of quality control loops at system level.
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2. Methodology

Firstly, the feedback and feedforward quality control loops are
defined, with respect to a generic multi-stage manufacturing system
(MMS) (Fig. 1).
Fig. 1. Multistage manufacturing system with feedback and feedforward quality con-
trol loops.

Fig. 2. Feedback quality control loop.
In a MMS characterized by K stages, it is assumed that at least one
process is critical with respect to the generation of deviated parts,
according to its capability. The probability of generating deviated parts
is defined as pdev. Each inspection station in position k enables a set
UFB of feedback and a set UFF of feedforward quality control loops, and
it is characterized by an inspection time TI and a measurement uncer-
tainty. The decision model used as controller in feedback and feedfor-
ward control loops is based on a classification mechanism that,
according to the class of the identified deviation, defines the control
action. According to the measurement uncertainty coupled with the
decision model used as a controller, it is possible to define a function
linking the type I error a and the type II error b, so that b ¼ f ðaÞ.

When a feedback quality control loop is enabled in a given stage
k� j, as soon as the inspection station triggers the quality control
loop by identifying a potential deviation in the part, a certain time
TdecFB;k is required to elaborate the quality information in order to
identify the suitable feedback action, then a certain time TFB;k�j;k is
required to perform the corrective action on process k� j. According
to the confusion matrix of the decision model, the feedback control
action may have a positive or detrimental effect.

When a feedforward quality control loop is enabled in a given
stage kþ j, as soon as the inspection station triggers the quality con-
trol loop, a certain time TdecFF;k is required to elaborate the quality
information in order to identify the suitable feedforward action, and
a certain time TFF;k;kþj is required to perform the proactive action on
process kþ j. Considering the implementation of prediction models
to identify the correct feedforward control, the identification of the
feedforward control action may be correct or not according to the
confusion matrix of the prediction model that is used to take the
decision.

According to the system dynamics, the following situations may
occur:

� When the feedback quality control loop is activated, the informa-
tion delay given by the inspection in k always enables the control
actuation in k� j, at the cost of multiple deviated parts already
produced in stage k� j. The amount of deviated parts depends on
the lead time (LT) between stage k� j and stage k, and it can be
defined as:

WFB;k�j;k ¼ LTk�j;k þ TdecFB;k
� �

CTj ð1Þ
Fig. 3. Feedforward quality control loop.
� When the feedforward quality control loop is activated, the con-
trol actuation is enabled if Tdec;k < LTk;kþj where LTk;kþj represents
the lead time between stage k and stage kþ j. If on the other hand
Tdec;k > LTk;kþj, parts are processed according to nominal parameter
setting and no downstream adjustments are implemented, there-
fore they result in defective products.

At system level, we are interested in evaluating the effect of
inspection allocation and quality control loops on the effective pro-
ductivity theff , the system lead time LT , and the yield Y , according to
the decision time, the accuracy of the decision model and the capabil-
ity of critical processes.
2.1. Solution method

The solution method is based on approximate analytical methods
[15], however this approach can be integrated in any performance
evaluation model based on state-based representation, as in fluid
Petri Nets [16]. The advantage of using the proposed approach is that
analytical relationships between the parameters characterizing the
quality control loops and the functions describing the system dynam-
ics can be derived. The relationships defined in the following can then
be used as synthetic evaluation kernels in more complex models and
optimization algorithms.

The aim of the performance evaluation model is to obtain the
steady-state performance measures of a system characterized by
feedback and feedforward quality control loops, by defining sepa-
rately the dynamics of the resources in the system and automatically
deriving the system-level dynamics by means of analytical equations.

Each process stage k in the system is modelled by a set of states
describing its dynamics and reliability, and it is characterized by cycle
time equal to CTk. Each inspection stage in the system is modelled by
a set of identification states. The decision model used to identify the
feedback control action is defined by a confusion matrix with preci-
sion 1� aFB, and false omission rate bFB.

From the state-space perspective, if a feedback quality control loop
is to be evaluated, the event-graph in Fig. 2 describes the relationship
between the controlled stage k� j and the inspection stage k, where P
represents the operational state of the k� j stage when the k� j pro-
cess does not produce deviated parts, P represents the operational
state where the k� j process produces deviated parts, I represents the
inspection state in stage k where a deviation is detected, I represents
the inspection state where no deviation is detected, and UFB represents
the decision state of the feedback controller.
Similarly, if a feedforward quality control loop is to be evaluated,
the decision model used to identify the feedforward control action
according to a prediction model is defined by a confusion matrix
with precision 1� aFF , and false omission rate bFF .

Then, the event-graph in Fig. 3 describes the relationship between
the inspection stage k and the controlled stage kþ j, if possible due to
the time constraint and the accuracy of the decision model, where P
represents the operational state, P represents the operational state
where the k� j process produces deviated parts, I represents the
inspection state in stage k where a deviation is detected, I represents
the inspection state where no deviation is detected, UFF represents
the decision state of the feedforward controller, and FF and FF



Fig. 4. Representation of multistage manufacturing system.
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represents the change of operational mode for the kþ j stage from
nominal to feedforward, when the decision model correctly identifies
the control action or not, respectively.

The solution method is based on the Markovian representation
introduced in [15], here enhanced by the integration of feedback and
feedforward quality control loops.

Let ðx; SÞ ¼ ðx1; xk; . . . ; xK�1; S1; Sk; Skþ1; . . . ; SKÞ be the vector
describing the state space of the system, where xk describes the aver-
age amount of material between stage k and stage kþ 1, and Sk and
Skþ1 represent the state of stages k and stage kþ 1, respectively. Let
f ðxk; Sk; Skþ1Þ be the probability density function in each two-stage
line composing the long line.

Then, with respect to system dynamics, the following transi-
tion rates depending on the system dynamics describe the change
of state in stage k� j where the feedback quality control loops is
actuated:

qP!P ¼ uFB ¢ 1� bFBð Þ ¢ pdev
LTk�j;k þ TIk þ TdecFB;kþTFB;k�j

ð2Þ

Where uFB 2 f1;0g indicates if the feedback quality control loop is
actuated or not.

Similarly, the following equations describe the state transition
rates for the actuation of feedforward quality control loops in stage
kþ j:

qP! FF ¼ uFF ¢ pdev ¢ 1� zð Þ ¢ 1� aFFð Þ ¢ 1� bFFð Þ ¢ 1
CTkþj

ð3Þ

qP! FF ¼ uFF ¢ 1� pdevð Þ ¢ 1� zð Þ ¢aFF ¢ 1
CTkþj

ð4Þ

where uFF 2 f1;0g indicates if the feedforward quality control loop is
actuated or not, and where

z ¼
ZTdecFF ¢ th

0

f xk; Sk; Skþ1ð Þdx ð5Þ

represents the fraction of parts for which the feedforward control
decision cannot be actuated on time because LT�Tdec;FF .

For each of the stages kþ j where deviated parts may cause qual-
ity faults, the inter-arrival rate of deviated parts can be computed
as:

qkþj ¼ pdev ¢ z ¢ 1
CTkþj

ð6Þ

Moreover, it is possible to define the inter-arrival rate of parts
where the feedforward control had a detrimental effect:

qkþj ¼ 1� zð Þ ¢bFF ¢ 1
CTkþj

ð7Þ

Then, the steady-state performance are obtained by solving a lin-
ear system

d

dx
f x; Sð Þ ¼ QT ¢ f x; Sð ÞP
S

R
x f x; Sð Þdx ¼ 1

8<
: ð8Þ

where Q represents the transition rate matrix of the underlying Mar-
kovian model in the state space ðx; SÞ.

The performance measures in terms of system throughput th,
throughput of non-defective parts theff , and system yield Y can be
computed as a function of the decision model accuracy in terms of a
and b, and the decision time:

th ¼ 1
CTK

¢
Z
x

f x; PK ; ¢ð Þdx ð9Þ

theff ¼ 1� pdevð Þ ¢ 1� aFFð Þ þ pdev ¢ 1� zð Þ ¢ 1� bFFð Þ½ � ¢ th ð10Þ

Y ¼ 1� pdevð Þ ¢ 1� aFFð Þ þ pdev ¢ 1� zð Þ ¢ 1� bFFð Þ ð11Þ
As it can be noticed, for z 6¼ 1, i.e. if the time to take the decision

cannot allow to always implement the feedforward quality control
loop, not only the effective throughput of good parts theff depends on
the effectiveness of the control strategy, but also the yield Y .
3. Case study from automotive industry

The target product in this case study is an aluminium profile used
as shock-absorber in bumpers for the automotive industry. This prod-
uct is obtained starting from extremely long extruded aluminium
profiles, that are cut into shorter bars and finally sawed before the
final machining and assembly. Critical features include specific
curved profiles, holes and pockets, all necessary for the assembly in
the final bumper.

The multi-stage manufacturing system consists of an extrusion
area, a completely automated machining and assembly line, and a
quality control area. Looking more in details to Fig. 4, Me and Mc rep-
resent the extrusion and the cooling stations, B1 is the buffer storing
extruded profiles before being cut in shorter profiles in Mcut. Then,
the profiles are brought to the machining and assembly area, where
they are loaded onto a multistage automated line. Here, the profiles
are firstly sawed according to the product length in Ms and later
machined in two parallel machining centres,Mm,1 andMm,2, to manu-
facture final features. The machined parts are washed in Mw and
finally are riveted and assembled inMa with other minor components
by a robotic arm. The robot places the part on pre-defined fixtures
and assembles minor components before unloading the finished
product into a buffer B4, from where the products are sampled for the
final quality check by means of a dedicated CMM, ICMM, in a separate
room.
The extruded profiles are subject to critical geometrical deviations
(e.g. twisting, bending) due to the difficult control of the extrusion
process and the uncontrolled cooling. Although the deviations that
exceed the tolerances are rejected, the ones that comply with specifi-
cation limits and barely accepted in quality gates can generate down-
stream issues, especially during machining and assembling, which
result in defective parts at the end of the line. In particular, if the
accumulated deviations are severe, the automated assembly station
can stop because of extreme misalignment in the part fixturing,
hence calling for manual intervention to start over the production. At
the end-of-line quality gates, where the manufacturing errors are
identified, the root-cause is diagnosed and the control action is
returned much after the deviation occurs therefore production con-
tinues for a long time out of control, resulting in many defective parts
produced. Given that the improvement of the extrusion process is an
expensive difficult and long-term action a possible reconfiguration of
in-line inspection stations is analysed based on the proposed meth-
odology.

3.1. Analysis of feedback and feedforward quality control loops

Since extrusion and machining/assembly areas are decoupled,
only pdev in extrusion propagates to the downstream stages. In order
to apply feedforward adaptation of machining settings based on the
incoming profile characteristics, a fringe projection system is
expected to be installed prior to the machining. Fringe projection are
a particular type of inspection technology, where the part is exposed
to a high-resolution camera, capturing a point cloud of the part
according to the focus. The advantage of using a fringe projection sys-
tem is that a modular inspection is possible, as each part may require
from »20 s to 3�4 min of inspection depending on the complexity of
part and on the number of features needed to be measured for
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classification of deviation. At the same time, since the part is made of
aluminium, it is highly reflective, hence the fringe projection system
has a high measurement uncertainty if the time of exposure for the
projection is insufficient, or if the part is badly oriented with respect
to the measured feature. Hence, type-I error (a) of fringe projection
depends on the number of points measured during the inspection.
Based on gathered measurements, a better definition of deviation
classes can be derived. As per the type-II error (b) the function
depending on the precision of the digital model preliminarily devel-
oped as controller is considered. The digital model used as controller
identifies the correct part program, which had been adapted for the
specific deviation class. For example, the position of the holes in the
product may be adapted according to geometrical deviations. As a
consequence, if the deviation class identified by the combination of
measurement and trained decision model is not correct, and a non-
suitable part program is implemented, an already good part can lead
to a defect. In Fig. 5a the effective throughput calculated with the pro-
posed model as a function of 1� aFF and bFF of the feedforward con-
trol is presented, whereas Fig. 5b shows the effect on the effective
throughput of reducing by 2 % the probability of generating deviated
parts pdev at the extrusion, by means of feedback control.
Fig. 5. (a) THeff vsðaFF ; bFFÞ with feedforward and (b) with feedforward and pdev
improvement due to feedback.
It can be noticed that the effective throughput of the multistage
manufacturing system is significantly affected by the quality inspec-
tion gate performance and the control strategies. The results show
that the trade-off between a and b must be taken into account care-
fully in order to decide whether to invest more effort into decision
models or inspection technologies since they both influence the sys-
tem dynamics: in case no remarkable enhancement can be per-
formed to reduce a, more emphasis can be placed on the decision
model; on the other hand, for a given model accuracy, accepting a
higher measurement uncertainty (in this case spending less time in
gathering fringe projection measurements) to increase the through-
put can be detrimental, resulting in higher scrap rates and therefore,
lower effective throughput after a certain point. In this case it is pos-
sible to notice that measuring a number of features linked to have
1� aFF ¼ 0:4 guarantees the highest effective throughput, only if bFF ,
depending on the controller, is guaranteed lower than 0.15. These
performance maps are going to be used to decide the target perfor-
mance in terms of accuracy of the decision model used in the feedfor-
ward control loop, hence linking together the decisions related to the
inspection allocation, used for data gathering, with the decisions
related to the quality control loops, targeting the data use effectively.

4. Conclusion

The allocation of inspection stations in multi-stage manufacturing
systems enables the gathering of product quality data, in terms of
dimensions and geometry, as well as product functionalities. The
increased use of digital models as kernel to choose control actions in
feedback and feedforward quality control loops poses significant
challenges when the system-level perspective is considered. Hence, a
change of paradigm is needed in manufacturing systems configura-
tion and reconfiguration, in order to allocate inspection stations with
a control-driven perspective, i.e. by accounting for the efficacy of the
quality control loops enabled by the use of digital models as control-
ler. In this work, the feedback and feedforward quality control loops
are formalized with respect to the controller’s performance of the
decision model in terms of precision and accuracy, then, linked to the
system dynamics to evaluate the system steady-state performance.
The case study demonstrates that using the proposed method enhan-
ces the awareness in allocating inspection stations, and poses con-
crete targets for the use of controllers based on quality predictions
models. Limitations to the applicability regard the challenges in the
accuracy characterization of the digital models, as well as in the
causal identification of quality control loops based on available pro-
cess and product information. Future developments relate to
strengthen even more the relationship between process models and
system dynamics, in order to ease the model-based control at system
level. Possible applications could include the use of the proposed
approach to define the training dataset for prediction models, in
order to reach the target accuracy to maximize the production per-
formance.
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