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Abstract
Production management has to react to changing exogenous and endogenous factors. A meth-
od called the Production Process Control Tree (PPCT) was developed to control the produc-
tion process and analyse its changes. The method’s name refers to its underlying production 
management model, which is shaped as an inverted tree (graph theory). The method helps to 
cushion or even  eliminate the negative impacts of changing process circumstances that could 
extend their duration.
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n	 Introduction
According to research, apparel as a cat-
egory of short life-cycle goods is made in 
a production process (consisting of prod-
uct creation, the setting up of the manu-
facturing processes, the procurement 
of intermediate materials and sale) that 
spans 18 months [1]. In this relatively 
long time, the actual production circum-
stances and those predicted at the plan-
ning stage are very likely to show signifi-
cant differences. Why the changes appear 
will not be explored in the article to keep 
it concise, but their occurrence will be as-
sumed a priori as fact. This study was de-
signed to investigate the negative effects 
of changes delaying the completion of a 
production process.

It must be remembered that the produc-
tion cycle for short life-cycle goods has a 
pre-determined date when the sale should 
start. The fact that the delays observed 
during the research usually resulted from 
management errors committed due to the 
lack of an appropriate tool aiding pro-
duction management helped identify a 
cognitive gap, following which a method 
for analysing process changes was devel-
oped. The method was called the Produc-
tion Process Control Tree (PPCT). 

	 A critical path and indicator 
of process resistance in the 
production management 
model

The critical path of the tree determines 
the duration of the production process, in 
the same way as a network’s critical path 
does. By identifying the critical path of 
the production management model and 
by calculating the Indicator of Process 
Resistance (IPR) to change, the manag-
er can estimate the degree to which the 
process completion date is at risk. 

Let us present a procedure for finding a 
critical path or paths for the production 
management model that do not offer time 
reserves. Their number provides an indi-
cation of the process resistance to chang-
es. The tree has at least one critical path, 
but every path running between an initial 
state and a final state can theoretically be 
a critical one. Then the production proc-
ess is likely to end later than scheduled, 
because of changes increasing the dura-
tion of any of its constituent tasks. Pro-
duction processes based on management 
models with a large number of critical 
paths are not resistant. The most resist-
ant are processes having only one critical 
path. This shows that a production man-
agement model should be analysed while 
still being planned, as the range of model 
verification options is the greatest then.

Let us present a procedure that was de-
veloped to identify the critical path of a 
production management model shaped as 
a rooted tree. Let vertex w correspond to 
the tree’s root (a final event of the pro-
duction process). Among the states di-
rectly preceding state w there is a state u 
with a time reserve r(u) = 0. If all states 
coming before state w had time reserves, 
then state w would also have a time re-
serve. This contradicts the assumption on 
which model [2] was founded, i.e.:

p(w) = q(w), i.e. r(w) = 0

Applying the same reasoning to state u 
and its preceding states, we infer that 
there is a state v preceding state u, for 
which r(v) = 0. This procedure should 
be repeated until we discover that a state 
without a time reserve is one of the ini-
tial states (let us call it vertex a). The 
path starting at a and ending at w will 
be called the critical path. Accordingly, 
each state on the critical path is a critical 
state, particularly the initial state a.

While trying to identify the critical path, 
we may discover that the critical state 
analysed u is preceded by more than one 
critical state, in which case more than 
one critical path goes through state u. 
This means that the production man-
agement model (for short life-cycle 
products) has as many critical paths as 
critical initial states. Let us suppose that 
the model has n initial states containing k 
critical states. According to earlier obser-
vations, the value of k is within the range:

1 ≤ k ≤ n

Consequently, the Indicator of Process 
Resistance to unexpected changes can be 
calculated as follows:

IPR = (n – k)/n  = 1 − k/n 

where: 
IPR 	– Indicator of Process Resistance to 

unexpected changes,
n 	 – the number of initial states (tree 

leaves),
k 	 – the number of critical states 

among the initial states.

IPR’s extreme values are obtained for  
k = n and k = 1, which define the range of 
values for the indicator created, i.e.:

< 0; 1 − 1/n>

When every path in the production man-
agement model is critical, then k = n and 
the IPR = 0. In the model with a single 
critical path k = 1, and the IPR is close to 
one because it is calculated as:

IPR = 1 − 1/n ≈ 1

It can be assumed that the IPR value 
thus defined measures the process re-
sistance to changes that delay its com-
pletion. The indicator can be used for 
assessing the production management 
model’s design, as well as its actual per-
formance (each time it has been modi-
fied). When the IPR is 0, then the timely 
completion of the production process is 
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very much at risk, should any change ex-
tending the duration of any of its tasks oc-
cur. This means that the IPR is a synthetic 
measure of process resistance to changes, 
regardless of the stage they affect.

	 The PPCT as a method 
of investigating changes  
in the production process

A production management model (an in-
verted tree) provides information on the 
tasks, their duration and relationships. 
This aggregate knowledge allowed to de-
velop a method that:
n	 controls the duration of process-relat-

ed tasks,
n	 monitors changes affecting task dura-

tion,
n	 allows to adjust the model when the 

changes delay the end date of the pro-
duction process. 

Let us present the Production Process 
Control Tree (PPCT) method, which has 
been specifically developed for short-life 
cycle goods. Let us note that the occur-
rence of state u can be delayed with re-
spect to the time p(u), because of one of 
two reasons:
n	 one of the states directly or indirectly 

preceding state u, e.g. a, occurs later 
than p(a),

n	 one of the tasks preceding state u, e.g. 
a-u, stretches over a longer period 
than the scheduled time t(a-u).

where: 
p(u) 	 – the earliest moment of com-

mencing the task originating in 
vertex u,

p(a) 	 – the earliest moment of com-
mencing the task originating in 
vertex a,

t(a-u)	– the time of performing the task 
between vertices a and u.

The delayed occurrence of state u may 
make shift the end of production to a 
later date. This is certain to happen when 
u is a critical state. In general a delay 
will only take place when the delayed 
occurrence of state u affects the com-
mencement of the nearest critical state 
situated on the path linking state u and 
the tree root. However, the delay of state 
u may also be ‘absorbed’ by the time re-
serves of the states following u. 

For the production management model to 
monitor changes, we need to find times 
p(u) and q(u), representing the earliest 
moment of commencing each task and 

p(u)	 –  the earliest moment when the 
task originating in vertex u 
should commence;

p(ai)	 –  the earliest moment when the 
task originating in vertex ai 
should commence,

t(ai - u)	– the duration of the task between 
vertices ai and u.

The rule above helps to find the mo-
ments p(u), first for the states directly 
following the initial states and then 
recurrently for all vertices of the tree 
representing the production manage-
ment model.

Let w be a state equivalent to the tree root 
and p(w) the actual end date of the pro-
duction process. If T is the scheduled end 
date, then the process will end as planned 
when:

p(w) ≤ T

If otherwise, the product will not be ready 
on time. This problem can be handled by 
adjusting the process, which entails some 
restructuring of the production manage-
ment model. Continuing the earlier pro-
cedure, we determine the moment q(u), 
i.e. the latest time allowed when state u 
should commence. Naturally, the rela-
tionship:

q(w) = T
still holds.

Building on the earlier assumption about 
the management of the production of 
short life-cycle goods, we can state that: 

 p(w) = q(w) = T                (2)

where: 
p(w)	– the earliest moment allowed when 

the task originating in vertex w 
(the tree root) should commence,

q(w)	–  the latest moment allowed when 
task w, being the final task of the 
production process, should end,

T	 – the end of the scheduled process.

If the equality p(w) = q(w) = T does not 
take place, then condition (2) can be met 
by introducing a dummy state w, assum-
ing that:

 p(w′) = T and (w–w′) = T – p(w)

The time t(w – w′) shows the shift in the 
product completion date, thus providing 
information on the effect the changes 
observed have on the production proc-
ess. According to assumption (2), vertex 
w, ending the production process (i.e. 
the tree root), is a critical state. Thus 

the latest moment of ending each task, 
respectively. According to the literature, 
the following rules can be applied to find 
the duration of the tasks:
n	 a deterministic rule for tasks carried 

out according to the company’s own 
rules that explicitly prescribe the 
task’s deadline or duration,

n	 a probabilistic rule for tasks of dura-
tion determined empirically by an ex-
perienced expert.

Knowledge of the rules for determining 
the duration of tasks and time reserves 
played an important role in developing 
the PPCT method. Each time reserve 
indicates the length of time by which a 
task can extend without the production 
management model having to undergo 
adjustment. Considering that a produc-
tion process is shaped by many variables, 
the model constructed has to be dynamic, 
even enabling some modifications to the 
schedule in case the end date of the pro-
duction process becomes uncertain.

Let us suppose that we have a production 
management model shaped as an invert-
ed tree. The duration of particular tasks 
and the moments when the initial states 
of the tasks should start are also known. 
The duration of the task transforming 
state a into b is denoted as t(a–b), and the 
earliest moment when state u can com-
mence is denoted as p(u). Let us create 
an algorithm for this production manage-
ment model to find p(ai), q(w) and q(a), 
the values of which will be used when the 
production management model has to ac-
count for the impacts of variables affect-
ing the production process. Hence:
n	 p(ai) is the earliest moment allowed 

when the task originating in vertex ai 
should commence; it will be calculat-
ed according to formula (1) below,

n	 q(w) is the latest permissible moment 
of ending the final process activity w; 
it will be calculated according to for-
mula (2) below,

n	 q(a) is the latest time allowed when 
the task originating in vertex a should 
end; it will be calculated according to 
formula (3) below.

Let us use this method for calculating the 
time p(u) for vertex u, which is not a tree 
leaf (i.e. an initial state). In the tree con-
sidered , the offspring of vertex u are the 
vertices that come immediately before it. 
Then:

 p(u) = max {p(ai) + t(ai – u)} 
for i = 1, …, k                 (1)

where: 
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the moment q(u) of state u is determined, 
and state a precedes state u towards the 
root. Then q(a) can be defined using the 
following equation:

 q(a) = q(u) – t(a – u)           (3)

where: 
q(a)	 – the latest moment allowed when 

the task originating in vertex a 
preceding vertex u should end,

q(u)	 – the latest moment allowed when 
the task originating in vertex u 
should end,

t(a – u)	– the duration of the task between 
vertices a and u.

The value on the right hand-side of equa-
tion (3) is determined precisely as there is 
only one edge that starts at a and ends at 
u. Consequently, the formula needs nei-
ther a minimum nor a maximum opera-
tor. Formula (3) allows the recurrent de-
termination of the time q(u) for each ver-
tex of the tree, whose property is utilised 
in the PPCT method to monitor changes. 
Changing production circumstances may 
extend the amount of time needed to end 
the process. This threat must result in an 
immediate correction of the model data. 
In other words, changing circumstances 
should generate warnings about a possi-
bly delayed product completion date. 

The PPPCT method we propose for in-
vestigating production changes compares 
the duration of each task with its sched-
uled time. Let us assume that a task a – x 
was performed in time t′(a – x), which 
extended beyond its scheduled time  
t(a – x) by n units. Then we have:

t′(a – x) = t(a – x) + n

Let us also assume that the path link-
ing state x and the tree root successively 
goes through states y1, y2, …, yk, hence 
the path is given as x – y1 – …– yk – w. 
We additionally assume that all tasks pre-
ceding state a were performed on time, 
meaning that activity a–x started at the 
moment p(a). In this case, one of the fol-
lowing three possibilities takes place:

1° p(a) + t(a – x) + n ≤ p(x), or

2° p (x) < p(a) + t(a  –x) + n ≤ q(x), or

3° q(x) < p(a) + t(a – x) + n.

where: 
p(x) 	 – the earliest moment when the 

task originating in vertex x 
should commence,

q(x) 	 – the latest moment when the task 
originating in vertex x should 
end,

p(a) 	 – the earliest moment when the 
task originating in vertex a 
preceding state x should com-
mence

t(a – x)	– the duration of the task between 
vertices a and x,

n 	 – the number of units by which 
the duration of task a – x has 
been extended.

Let us now explore the meaning of the 
three situations and find the algorithms to 
deal with them.

Should the first case occur, the end date 
of the production process runs no risk of 
being delayed, because the earliest mo-
ment when task y1 (initiation of activity 
x) should start takes place after the length 
of time allocated to activity a–x elapses. 
Hence the model of the process does not 
need any modifications, except replacing 
time t(a – x) by t′(a – x) = t(a – x) + n. 
In this case, the production manager does 
not have to be informed about an event if 
it occurs, as its influence is neutral.

In the second case, the production proc-
ess is not exposed to any direct threat to 
its timely completion because state x has 
a time reserve r(x) = q(x) – p(x). Task 
a – x will end not later than q(x), being 
the latest moment allowed for task x – y1 
to commence. In this situation, the tree 
requires the following modifications:
(i)	 time (a – x) has to be replaced with 

t′(a – x) = t(a – x) + n,
(ii)	 each state on the path x – y1 – …– yk 

– w has to be assigned a new com-
mencement time using formula (1), 
and some obvious changes have to 
be made to the formula’s symbols (u 
has to be replaced with the name of 
the right vertex and ai with its pre-
ceding vertices).

The production manager has to be noti-
fied of the changes, but no action is re-
quired to prevent the production process 
from running late.

Two things need to be raised at this 
point: 1) moments p(x), p(y1), p(y2), …, 
p(yk) have to be recalculated because the 
changes may have transformed the resist-
ant states into critical ones, thus affect-
ing the process structure; 2) moments 
q(x), q(y1), q(y2), …, q(yk) do not change 
because the scheduled process end date  
T = p(w) = q(w), which depends on them, 
remains the same.

In the third case, the end date of the pro-
duction process will be exceeded because 
state x needs more time to end than its 
time reserve r(x) allows. Hence, the mod-
el has to be modified as follows: 
(i)	 the time t(a – x) has to be replaced 

with t′(a – x) = t(a – x) + n,
(ii)	 each state on path x – y1 – …– yk 

– w has to be assigned a new com-
mencement time using formula (1), 
and some obvious changes have to 
be made to the formula’s symbols  
(u has to be replaced with the name 
of the right vertex and ai with its pre-
ceding vertices),

(iii)	the process end date T has to be 
replaced with T′ = p(w), assuming 
at the same time that q(w) = p(w), 
where the time p(w) represents a 
new process end date calculated at 
step (ii),

(iv)	now the latest moments of starting 
tasks allowed that have not been car-
ried out yet have to be determined, 
the duration of the tasks remaining 
the same.

Steps (i) ÷ (iv) readjust the model of 
the process. The production manager 
has to be notified of the situation to de-
cide on the next steps after analysing the 
new model. The manager may choose 
to shorten the sequence of activities  
x – y1 – …– yk – w by introducing organi-
sational, technical or technological im-
provements. If the intervention is effec-
tive and, for instance, the time t(yi – yi+1) 
becomes shorter by m units, then steps 
(i) ÷ (iv) should be repeated, with the time  
t(yi – yi+1) at step (i) being replaced by 
t(yi – yi+1) – m. 

Because decisions on taking actions that 
cause dynamic adjustment of the model 
usually increase product manufacturing 
costs, the company board has to grant 
the production manager an appropriate 
scope of authority. Otherwise, the PPCT 
method, enabling interactive manage-
ment of production processes, will not be 
as effective as it can be. If the duration 
of the longest path of the tree ensures 
following an intervention that makes 
sure the production process will end as 
scheduled, then the process is continued. 
If otherwise, the production manager has 
to notify the Board (or another relevant 
body) of the situation, which may choose 
to discontinue the production process (af-
ter estimating the losses) or to carry on.
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n	 Conclusions
All computations (necessary to design the 
original tree, to determine its longest path 
and readjust the production management 
model) can be performed in real time, 
once appropriate computer software has 
been developed. The need for the man-
agement process to integrate technology, 
organisational issues and IT, regardless 
of the supervisory, stimulating role of the 
process manager, was accentuated by B. 
Nogalski [3]. Software should be built 
around the aforementioned algorithm 
that enables study of changes in the pro-
duction of short life-cycle goods. Such 
software helps implement the method 
we propose in business practice. Making 
decisions under the pressure of time is a 
key problem that companies manufactur-
ing short life-cycle products have to re-
solve. Modern production management 
methods, including the PPCT, combined 
with IT tools are the only ones that make 
it possible to:
n	 analyse a production process and its 

changing circumstances on an on-go-
ing basis, 

n	 make decisions in real time to off-
set the negative impacts of changing 
process circumstances,

n	 minimise the losses a company may 
incur should it decide to discontinue 
the production process, as every step 
forwards generates unnecessary costs 
(augmenting the losses).

The method proposed for analysing 
changes in the production process can 
improve the effectiveness of companies 
making short life-cycle goods that func-
tion in turbulent environments. Accord-
ing to the Global Trends 2025 report pre-
pared by the National Intelligence Coun-
cil, such environments are becoming the 
norm today [4]. The report reveals not 
only problems but also opportunities that 
arise from unexpected changes creating 
new economic realities. 
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