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Abstract: In scientific literature there is lack of studies focused on performance measures ad hoc for pasta 
production systems. In order to design and planning a production line in the optimal way, it is necessary to 
develop specific measures aiming at evaluating the efficiency of a production system. In this study a multi-
product pasta production line characterized by single-server workstations is modelled as a Markov process in 
order to evaluate the performance of each state in which the line could operate and to investigate the effects 
of changing the line parameters. Machines can be plagued by lots of different losses affecting the 
performance efficiency of the whole system. The model has been validated with reference to a full scale case 
study and it has revealed a useful supporting tool in the performance analysis of a production system. 
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1. Introduction 

In the last decades Italy has confirmed its leadership in 
pasta production sector and has revealed to be the first 
dried pasta producer in Europe: it produces the 25% of 
the worldwide pasta production and about the 70% of the 
European production (www.aidepi.it, 2012). The year 
2011 has shown an increase of 1,7% in pasta  production 
over the year 2010,  and a growth of 3% in terms of value. 
The annual pasta production is over 3,3 mln of tons with 
a value corresponding to a turnover of 4.5 billions of 
euros. 
Market phenomena as well as the increase in pasta 
demand consumption and in costs of raw materials and, 
on the other side, the high competitiveness between 
industrial enterprises,  have caused reductions in profits 
and the need to carry out performance evaluations of the 
process in order to maximize the global equipment 
effectiveness. 

In scientific literature there is a lack of studies focused on 
performance measures ad hoc for pasta production 
systems. The need of maximizing the global performance 
of the line has led to investigate the effects of changing 
the line parameters related to the possible loss causes: 
machine up and down times, machine speeds, and quality 
of product. In order to evaluate the global performance of 
the system, the authors, in their previous work (Digiesi et 
al., 2011) suggest an Overall Equipment Effectiveness  
(OEE) analysis to evaluate the effectiveness of a 
multiproduct pasta plant and identify the main factors 
influencing the technical and economic performance of 
the line. The process control of production lines is tackled 
in Lotito et al. (2007): a new performance measure is 
suggested (the Steady-state Line Efficiency (SLE)) in order 
to evaluate the effects of different operational practices. 

Many studies show how Markov models have revealed to 
be a useful tool to evaluate the efficiency of a system. A 
comprehensive review of multi-state models is provided 
by Hougaard (1999). Koulamas (1992) and Savsar (2000) 
have presented stochastic models for the flexible 
manufacturing cell which operates with tool failure and 
replacement consideration. They have developed Markov 
models for a flexible manufacturing cell with a single 
machine, served by a robot and a pallet, aiming at 
evaluating the effects of failures on system performance 
measures. Results obtained have been compared with 
results obtained by the performance analysis of a reliable 
flexible manufacturing cell with two machines served by 
one robot and a pallet (Savsar and Aldaihani (2004), 
Aldahiani and Savasr (2005)). Andradottir (1996) has 
suggested steady state performance measures and 
presented an approach involving modelling of discrete 
event system as a general state space Markov chain. 

In this study, the authors suggest a Markov model for the 
same single-server pasta production system observed in 
their previous study (Digiesi et al., 2011) and re-define the 
Overall Equipment Effectiveness OEE on the base of 
probabilities of the line of working in different operational 
states. 

The paper is structured as follows: section 2 illustrates the 
Markov approach for the performance evaluation of pasta 
production line; section 3 shows results obtained by the 
validation and application of the model to a full scale case 
study: moreover an analysis is performed to evaluate the 
effects of changes in the modelling parameters; finally, in 
section 4, conclusions are provided. 

 

 



2. A multi-state Markov approach for the 
performance evaluation 

In order to evaluate the performance of both the 
production line and of the single work stations (WSs), the 
authors suggest a multi-state Markov approach able to 
describe the system and its operations. The model is 
structured on the following 3 steps. 

Step 1: Defining the transition states diagram of the j-th  WS 

All possible operating states Si in which the j-th WS of the 
line could be have been identified: 

State 1: the WS is working at the nominal production rate 
(2 [Mkg/h]) and producing a product compliant to the 
quality standards required.  

State 2: the WS is working and producing pasta consistent 
with quality standards required at the reduced production 
rate (1.8 [Mkg/h]). 

State 3: the WS is working at the nominal production rate 
(2 [Mkg/h]) and producing pasta not compliant to the 
quality standards required.  

State 4: the WS is not working because a failure has 
occurred and the process is stopped the process for a 
significant interval of time: it is waiting for the repairing 
activity. 

State 5: the WS is not working because a repairing activity 
is in process.  

State 6: the WS is not working because of the changeover. 
In the changeover phase it is necessary change the type of 
extruder and laminator selected according to the shape of 
pasta to be realized.   

State 7: the WS is working but is producing pasta not 
compliant to the quality standards required due to the 
setup related to the changeover.  

The transition states diagram has been developed 
according to the following hypothesis: 

• At the initial time all components are in the State 1 
and in an interval time ∆t enough small, it is not 
possible the transition between different states: it 
means that a component cannot fail, and, at the same 
time, be repaired. The hypothesis is that an operational 
state cannot co-exist with another one in an interval 
time ∆t. 

• All the WSs of the line work in series and the line is 
balances and paced. Moreover the line is not flexible 
and the buffer dimension has to be considered equal 
to zero: it means that if a WS stops, the whole system 
is stopped. 

• A fail cannot occur during the setup phase.  

• After the setup phase and after the repairing activities, 
the WS can only work at the nominal speed and 
produces pasta characterized by quality standards 
required. 

The diagram of the state transitions of the j-th WS is 
described in figure 1. 
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Figure 1. Transition states diagram of the j-th WS. 

 

Step 2: Evaluating the line probability of being in the i-th state Si 

In general, the equation of stochastic Markov processes is: 

P’(t)=Z(t)*P(t);                                                               (1) 

P(0)=p0                                                                                                                 (2) 

assuming Z(t) the matrix of transition rates, P(t) the 
probabilities vector at time t, being Pi(t) the probability of 
being in the i-th state at time t, and p0 the probabilities 
vector at time t=0. 
If the transition matrix does not depend on time, the 
stochastic process is homogenous and 
 
P’(t)=Λ*P(t)      (3) 
where Λ= Z(t). 
 
The elements of this matrix are the transition rates from a 
state i to a state k. 
In the model suggested, the process is considered at 
steady state, t→∞; the fundamental equation of Markov 
processes becomes: 
 
P’(t)=0= Λ*P(t)                                                             (4) 
 
The equation (4) jointly to the normalizing condition 
provides a system of equations. It is known that all the 
equations are not linearly independent and thus the matrix 
is singular, which does not have an inverse. 
It is necessary to add the normalizing condition which 
assures that the sum of all state probabilities is 1, 
eliminating one of the equations defined. 
The model developed ad hoc for the j-th WS of a pasta 
production line suggests the following notation: 

• Si  is the operational state with i =1,..,ns, being ns=7 
the number of possible states of each WS. 

• Pj(Si) is the probability that the j-th WS will be in the i-
th state Si. 

• λi,k is the arrival rate from a state i to a state k. 



According to the transition states diagram designed for 
the j-th WS, the corresponding transitions matrix is: 

   

 S1 S2 S3 S4 S5 S6 S7 

S1 -(λ1,2+λ1,3+λ1,4+λ1,6) λ2,1 λ3,1  λ5,1  λ7,1 

S2 λ1,2 -(λ2,1+λ2,4+λ2,6)      

S3 λ1,3  -( λ3,1+λ3,4+λ3,6)     

S4 λ1,4 λ2,4 λ3,4 -λ4,5    

S5    λ4,5 -λ5,1   

S6 λ1,6 λ2,6 λ3,6   -λ6,7  

S7      λ6,7 -λ7,1 
 

Equation (4) becomes: 

 

-P(S1)*[(λ1,2+λ1,3+λ1,4+λ1,6)] + P(S2)*λ2,1 + P(S3)*λ3,1+ 

+ P(S5)*λ5,1 + P(S7)*λ7,1 =0 

P(S1)*λ1,2 - P(S2)*[(λ2,1+λ2,4+λ2,6)] =0 

P(S1)*λ1,3 - P(S3)*[(λ 3,1+λ3,4+λ3,6)] =0 

P(S1)*λ1,4 + P(S2)*λ2,4 + P(S3)* λ3,4 - P(S4)*(λ4,5) =0 

P(S4)*λ4,5 - P(S5)*λ5,1 =0 

P(S1)*λ1,6 + P(S2)*λ2,6 + P(S3)*λ3,6 - P(S6)*λ6,7 =0 

Σ Pj(Si) =1 

 

Looking at the line as a system consisting of m 
components, being m the number of WSs, the number of 
theoretical states Ns of the system stems from the 
combinations of the number of states of each WS, ns, and 
is equal to ns

m. In industrial practical cases, this is a big 
number (i.e. in case of ns=7 and m=5, Ns=16807) and the 
evaluation of each state probability would be complex and 
could limit the practical use of the approach proposed. 

In the suggested model, the line is assumed balanced and 
paced thus the system state variable can assume one of the 
corresponding state values of each WS. For example in 
case the j -th WS is working at a reduced production rate 
(State 2 of the WSj) the line will produce at that reduced 
production rate as well; similarly, in case the j-th Ws is in 
the setup phase or is waiting for the repairing activities 
(State 6 and 5 of WSj), the whole line will be in setup 
phase or waiting for the repairing activities as well. The 
same line of reasoning applies also to states 1, 3, 4, and 7. 

Under this assumption, the above mentioned complex 
problem can be easily solved since the system state 
probability can be estimated by a mean of the 
corresponding state probability of each WS: 

∑
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being Pj(Si) the probability of the i-th state (i=1,…,ns) of 
the j-th WS. 

 

Step 3: Re-definition of the Overall Equipment Effectiveness 
(OEE)  

In order to design and planning a production line in the 
optimal way, it is necessary to develop specific measures 
aiming at evaluating the efficiency of a production system 
considering all possible production losses. 

The authors suggest a re-definition of the traditional 
formula of Overall Equipment Effectiveness OEE (6), on 
the base of probabilities of the 7 operational states defined 
in the first step. 

OEE= A * PE * QR                                              (6) 

Each contributing factor has to be defined on the base of 
the corresponding dependency on the operational states. 

The Availability A of the line is related to the probability 
of working at the nominal or reduced production rate,  
producing pasta compliant or not to the quality standards 
required. 

)3S(P)2S(P)1S(P  A linelineline ++=                            (7) 

The Production Efficiency PE of the line involves the 
probabilities of states in which the line produces pasta 
compliant or not to the quality standards required running 
at different production rates: the nominal rate (v1) and the 
reduced rate (v2). 
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The Quality Rate QR has been defined considering the 
ratio between the quantity of pasta compliant to the 
quality standards required and quantity of pasta produced.  
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The OEE has been obtained multiplying the above 
mentioned contributing factors: 
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3. Industrial case study 

The proposed approach has been validated with reference 
to a full-scale case study: one of the five production lines 
of a dried pasta factory located in the South of Italy. Data 
collected are related to years 2008-2010. 

3.1 Operations of a multi-product pasta production line 

The authors have considered the generic structure of a 
dried pasta production system. Further details can be 
found in Digiesi et al. (2011). 

The line observed is multi-product and is structured on 13 
operating units grouped in 5 different work stations 
(WSs). The structure of the line is illustrated in figure 2.   
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Figure 2. Work Stations and Operating Units of a dried 
pasta production line. 

WS 1-Mixing and Kneading Phase: wheat is moved from 
silos to a mixing machine equipped with rotating blades. 
Warm water is also piped into the mixing machine in 
order to obtain dough characterized by the consistency 
defined in the recipe.  

WS 2-Extruding Phase: the dough is pressed by a 
laminator into sheets by large cylinders, pushed through 
the die by the extrusion auger and cut by rotating blades.  

WS 3-Drying Phase: pasta is placed in a drying tank in 
which process parameters are strictly monitored. Crucial 
parameters as well as temperature, humidity and drying 
period differ for the various types of pasta and have a 
strong influence on the quality level to be pursued. 

WS 4-Pre-packaging Phase: pasta is slowly cooled and 
loaded by machine into stainless steel buckets free from 
contamination. 

WS 5-Packaging Phase: dried pasta is moved by a 
conveyor belt to the appropriate packaging station. 

The control of process parameters is checked during the 
process. Product Quality control is executed at the end of 
the whole production cycle.  

The observed line is a multi-product pasta plant: because 
of the setup phase required to the changeover, the 
quantity of pasta produced in the interval time following 
the setup phase does not result to be conform to the 
quality standards required and is discarded. 

The line can work at different production rates: the 
nominal production rate is about 2 [Mkg/h] but the line 
can work at a production rate lower than the nominal one. 
The production rate depends on the demand of pasta 
market and on the availability of silos located at the end of 
the production cycle. Sannino et al. (2005) shows the 
strong influence of the speed of drying on the quality of 
pasta produced: this phase is the most critical and has to 
be carried out slowly without any strain.  

3.2 Evaluation of probabilities of the operational states of the line 

Taking into consideration the specific operational 
characteristics of the line observed, the transition states 
diagram suggested by the model for a generic WS of a 
pasta production line becomes: 

 

 

Figure 3. Transition states diagram of the WS of the 
observed line. 

The transitions from State 3 to State 4, from State 2 to 
State 4, from State 3 to State 6, and from State 2 to State 6 
are considered “not possible” for the specific line 
observed. The previous consideration has led to consider 
the transition rates λ3,4, λ2,4,  λ3,6, and  λ2,6 equal to zero. 

In order to evaluate the probabilities of the line of being 
in one of the seven states defined, the probability of the 
operational state of each WS has to be evaluated. 

The probabilities evaluation has been carried out taking 
into consideration the specific operational characteristics 
of each WS composing the line observed: 

• WS 1 runs always at the nominal production rate 
and cannot produce a product not compliant to 
the standards required. This WS can work in 
state 1, or be in state 4 or 5: the probabilities 
related to the states 2, 3, 6, and 7 have to be 
considered equal to zero. 

• WS 2 is the work station responsible of the 
changeover: it is the only one that can be in the 
state 6. This WS cannot run at a reduced 
production rate and does not produce product 
not compliant to the quality standards required. 
The probabilities of this WS of being in state 2 
as well in state 3 and 7 can be considered equal 
to 0. 

• WS 3 is the only one responsible of quantity of 
pasta discarded due to the changeover: the setup 
phase characterizing the WS 2 causes the stop of 
the line, and in particular of this WS that has to 
wait for a defined interval time in order to re-
obtain the process parameters values required to 
carry out the drying process in the optimal way. 
For this WS only the state 6 has a probability 
value equal to zero. 

• WS 4 can run at different production rates 
producing pasta compliant or not to the 
standards required. It cannot be in state 6 as well 
in state 7. 



• WS 5 can be only in states 1, 4, and 5. 

The states probabilities of each WS have been computed 
calculating the arrival rates λi,k from a state i to a state k. 
The WS more complex has revealed to be the WS 3: it is 
characterized by the biggest number of transition rates 
evaluable.  

The transition rates system has been solved for each WS 
and the probability of the line has been computed as 
suggested in step 2 of the model. The evaluation of 
probabilities has been carried out for the line from year 
2008 to 2010 (table 1, 2, and 3).  

WS 1 WS 2 WS 3 WS 4 WS 5 Pline

P(S1) 0.993 0.979 0.758 0.807 0.992 0.906

P(S2) 0.000 0.000 0.202 0.177 0.000 0.076

P(S3) 0.000 0.000 0.019 0.011 0.000 0.006

P(S4) 0.004 0.003 0.004 0.002 0.005 0.004

P(S5) 0.003 0.004 0.002 0.003 0.004 0.003
P(S6) 0.000 0.013 0.000 0.000 0.000 0.003

P(S7) 0.000 0.000 0.015 0.000 0.000 0.003  

Table 1. Probabilities evaluation of the states Si of the line 
– 2008 

WS 1 WS 2 WS 3 WS 4 WS 5 Pline

P(S1) 0.983 0.969 0.709 0.734 0.982 0.875

P(S2) 0.000 0.000 0.236 0.245 0.000 0.096

P(S3) 0.000 0.000 0.021 0.014 0.000 0.007
P(S4) 0.005 0.008 0.008 0.006 0.011 0.008

P(S5) 0.011 0.008 0.007 0.003 0.007 0.007

P(S6) 0.000 0.015 0.000 0.000 0.000 0.003

P(S7) 0.000 0.000 0.019 0.000 0.000 0.004  

Table 2. Probabilities evaluation of the states Si of the line 
– 2009 

WS 1 WS 2 WS 3 WS 4 WS 5 Pline

P(S1) 0.985 0.966 0.590 0.580 0.978 0.820

P(S2) 0.000 0.000 0.361 0.403 0.000 0.153

P(S3) 0.000 0.000 0.012 0.009 0.000 0.004

P(S4) 0.013 0.016 0.008 0.006 0.018 0.012

P(S5) 0.002 0.002 0.004 0.003 0.004 0.003

P(S6) 0.000 0.016 0.000 0.000 0.000 0.003

P(S7) 0.000 0.000 0.025 0.000 0.000 0.005  

Table 3. Probabilities evaluation of the states Si of the line 
– 2010 

3.3 OEE evaluation  

Starting from the state probabilities evaluated for the line, 
the OEE and its contributing factors have been computed 
by (10) suggested in step 3 of the methodology (2008-
2010). 
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Figure 4. Values of A, PE, QR, and OEE (2008-2010) 

 

A ∆% PE ∆% QR ∆% OEE ∆%

2008 0.99 - 0.93 - 0.99 - 0.91 -

2009 0.98 -0.91 0.91 -2.13 0.99 -0.10 0.89 -3.12

2010 0.98 -0.17 0.86 -5.90 1.00 0.28 0.83 -5.80  

Table 4. Values and variations (%) of A, PE, QR, and 
OEE (2008-2010) 

From 2009 to 2010, the OEE of the line has decreased 
significantly of almost 6%.  The availability value as well 
as the quality rate value observed in the three years are 
almost constant. The contributing factor strictly related to 
the decrease of the OEE is the Performance Efficiency: it 
has paid a significant reduction from 91.1% (2009) to 
85.7% (2010).  

According to the definition of PE suggested in step 3, this 
contributing factor is strictly related to the probability of 
the line of working in state 1 and state 3. A further 
analysis has been carried out in order to investigate on the 
state probabilities related to the 5 WSs composing the 
line.  

WS1 ∆% WS2 ∆% WS3 ∆% WS4 ∆% WS5 ∆%

2008 0.99 - 0.98 - 0.76 - 0.81 - 0.99 -

2009 0.98 -0.98 0.97 -1.07 0.71 -6.42 0.73 -9.06 0.98 -1.00

2010 0.99 0.20 0.97 -0.32 0.59 -16.87 0.58 -20.94 0.98 -0.37

2008 0.00 - 0.00 - 0.20 - 0.18 - 0.00 -

2009 0.00 - 0.00 - 0.24 17.34 0.24 38.10 0.00 -

2010 0.00 - 0.00 - 0.36 52.86 0.40 64.83 0.00 -

2008 0.00 - 0.00 - 0.02 - 0.01 - 0.00 -

2009 0.00 - 0.00 - 0.02 8.77 0.01 24.37 0.00 -

2010 0.00 - 0.00 - 0.01 -41.83 0.01 -35.24 0.00 -

2008 0.00 - 0.00 - 0.00 - 0.00 - 0.00 -

2009 0.01 22.25 0.01 173.45 0.01 100.35 0.01 185.48 0.01 151.47

2010 0.01 138.71 0.02 106.35 0.01 -0.52 0.01 -1.93 0.02 54.73

2008 0.00 - 0.00 - 0.00 - 0.00 - 0.00 -

2009 0.01 319.19 0.01 77.99 0.01 223.08 0.00 -25.43 0.01 87.90

2010 0.00 -82.13 0.00 -78.08 0.00 -44.35 0.00 26.90 0.00 -35.27

2008 0.00 - 0.01 - 0.00 - 0.00 - 0.00 -

2009 0.00 - 0.02 14.90 0.00 - 0.00 - 0.00 -

2010 0.00 - 0.02 6.03 0.00 - 0.00 - 0.00 -

2008 0.00 - 0.00 - 0.02 - 0.00 - 0.00 -

2009 0.00 - 0.00 - 0.02 23.72 0.00 - 0.00 -

2010 0.00 - 0.00 - 0.03 35.12 0.00 - 0.00 -

P(S1)

P(S2)

P(S3)

P(S4)

P(S5)

P(S6)

P(S7)

 

Table 5. States probabilities P(Si) and corresponding 
variations (%) of the 5 WSs of the line (2008-2010) 

In the interval time analysed, the probability of being in 
state 1 for the WS 1, 2, and 5 is almost constant. Instead 
for WS 3 and WS 4 the probability of state 1 has 
decreased of 6% and 9% respectively from 2008 to 2009, 
and of almost 17% and 21% respectively from 2009 to 
2010. Results show how, in the year 2010, WS 3 and WS 4 
have improved their performance: a significant reduction 
in terms of probability of being in state 3 has been 
revealed (respectively of 41% and 35%). 

A further investigation has been carried out in order to 
evaluate the influence of production rate (strictly related 
to the PE) on the OEE. From 2009 to 2010 the 
probability of working at the reduced production rate is 
significantly increased of almost 53% and 65% for WS 3 
and WS 4. This increase can be considered related to the 
demand of pasta market or to the availability of silos 
located at the end of the production cycle. 

 



4. Conclusions 

Over the past decades pasta sector has shown an increase 
in production and worldwide demand. Phenomena market 
as well as the high competitiveness of enterprises and the 
reductions in profits has led to research specific 
performance measure ad hoc for pasta production 
systems almost missing in scientific literature. Many 
studies have shown how the Overall Equipment 
Effectiveness (OEE) can be considered a useful tool 
aiming at evaluating the global performance of a system 
taking into account all possible loss causes.  

In this study the authors suggest a multi-state Markov 
approach for the evaluation of pasta production lines 
performance: the traditional formula of OEE is redefined 
expressing its contributing factors (Availability, 
Performance Efficiency, and Quality Rate) in function of 
probabilities of the line of being in different operational 
states.  

Starting from the analysis of the production cycle of a 
dried pasta line, the line has been modelled as a Markov 
process: all possible states in which a generic WS could be, 
have been identified and the transition states jointly to the 
corresponding transition rates from an operational state to 
another one have been defined. According to the 
transition states diagram designed, the transitions matrix 
has been developed in order to generate the system of 
equations aiming at computing the probability of each 
state in which a WS could be. Starting from the state 
probabilities of the WSs, the state probabilities of the line 
have been computed by a mean of the corresponding state 
probabilities of the WSs composing the line.   

The model has been validated with reference to a full scale 
case study: a line of a dried pasta production plant. It has 
revealed to be a useful tool in the performance analysis of 
the system. The performance efficiency of the line 
observed has been identified as the critical factor of the 
global effectiveness. Results of a further analysis have 
allowed identifying in the WS 3 and WS 4 the main 
components affecting the decreasing of the global 
effectiveness of the system. 
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