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HAL is

the different process operations and in columns the product characteristics that are produced or used in the process operations. For example, in mechanization processes, most of the product characteristics are dimensional parameters. This matrix is used by different industrial procedures like Dimensional Control Plans (DCP), FMC (1985), and Advanced Product Quality Planning (APQP), AIAG (1995). Carrión and Jabaloyes (1995) presented a first study of the possibilities of this matrix for further analysis.

The general term of the CM, a ij , is the kind of relations between the corresponding process operation (row i) and product characteristic (column j). Usually a set of symbols is used to represent this relation. The three most frequently used and most important are:

x characteristic created or modified in this operation. L characteristic used for locating the part. C characteristic used for clamping the part.

The use of that matrix is limited to its observation and to the intuitive evaluation of its contents, as it is like a map of the production process, and to the identification of the characteristics and more influential operations by simple inspection of the matrix. Table 1 in the example shows a simple example of such matrix.

The objective of this paper is to exploit the information contained in the characteristics matrix via a procedure based on the technological forecast mic-mac method (Duperrin and Godet, 1974;Godet 1991). In this method we consider a square matrix that places the variables affecting a certain system in rows and columns, and the matrix general term measures, in a subjective scale, the degree of influence among characteristics. Successive powers of that matrix permit to detect indirect relations among variables, that were not evident in the original matrix.

Study and analysis of the C.M.

Let's consider a production process which includes m operations, and a product described by n quality characteristics. The characteristics matrix, as previously defined, will have m•n dimensions. For the study and analysis of the characteristics matrix, it is useful to separate the information of the matrix in two matrices with equal dimensions: the first one is called "changes matrix" and it contains the information related to the characteristics created or modified in each operation (corresponding to the code x of the traditional CM). The second one is called "LC matrix", and it contains the information related to operations of locating and clamping (identified with the codes L and C in the traditional CM). In both matrices, the codes are substituted by 1 (one), remaining the rest of the terms in zero.

We will then have two matrices, usually of very low density, that collect the information on the process and the characteristics of the product. Operating with these matrices, we will obtain more information on the structure of the process and the relations between characteristics.

The matrix of changes.

First, let's consider this matrix that collects the information of changes in product characteristics. If we call this changes matrix X, its general term x ij is:

x ij = 1 if characteristic j has been created or modified in the operation i x ij = 0 in other cases If we post-multiply it by its transposed X', the result is a symmetric square matrix with m•m size (where m is the number of process operations):

X X' = C
The general term for this matrix C, c ij , is:

c ij = ∑ = n 1 k jk ik x x
the values of c ij represents:

• if i=j, c ij is the number of characteristics created or modified in the operation i • if i≠j, c ij is the number of common characteristics changed in both operations, i and j.

We can also see that:

• The sum of the elements in row i, ∑ = n 1 j ij c , is the number of changes that are produced in the characteristics changed in that operation i, that is, the changes that are produced in the operation i plus the changes in other operations that affect the characteristics modified in operation i.

• The matrix trace C is the number of change actions that have been carried out in the process.

If we multiply now in the opposite order:

X' X = D

We obtain the symmetric square matrix D, with n•n dimensions (where n is the number of product characteristics). The general element d ij is:

d ij = ∑ = m 1 k kj ki x x
the values of d ij represent:

• if i=j, d ij is the number of operations affecting the characteristic i • if i≠j, d ij is the number of operations in which characteristics i and j are simultaneously modified.

And we can also identify that: • if i=j, e ij is the number of characteristics used for LC in operation i • if i≠j, e ij is the number of common characteristics shared by operations i and j for LC Also, we can see that:

• The sum of the elements in row i, ∑ = n 1 j ij e , is the number of characteristics used for LC actions that are related to operation i. That is, the LC actions carried out in the operation i plus the LC actions in other operations that use characteristics also used in operation i.

• The matrix trace E is the number of LC actions that have been carried out in the process.

If we pre-multiply B by its transposed:

B' B = F

We obtain the matrix F, a symmetrical square matrix, with dimensions n•n (where n is the number of characteristics). The general term of F is: • if i=j, f ij is the number of operations that use characteristic i for LC • if i≠j, f ij is the number of operations in which characteristics i and j are simultaneously used for LC.

And we can also identify that:

• The sum of row i, ∑ = m 1 j ij f
, is the number of LC actions related with the characteristic i, referred to this characteristic or to any other characteristic acting together with characteristic i.

• The matrix trace F is the number of LC actions performed in the process.

Combination of the L/C and Changes Matrices.

The information previously obtained is interesting as it describes some non evident aspects of the production process structure, but is the joint use of both matrices what gives us the best results. In the following paragraphs we will present some of these results.

Influences between operations and between characteristics.

First-order influences.

A) First-order relationship between operations If we post-multiply the L/C matrix by the transposed of the changes matrix:

B X' = G
We obtain a non symmetric square matrix G, with as many rows and columns as operations in the process. The general term, g ij ,is:

b ij = ∑ = m 1 k jk ik x b
And we can find that:

• If i ≠ j, g ij is the number of characteristics used for L/C in the operation i that were changed in the operation j. It establishes whether there is influence of operation j on operation i, and, to a certain extent, the potential intensity of that influence (by the reiteration).

• If i = j, usually g ij will be null, as it represents the number of times that a characteristic is employed for L/C is changed in that same operation. The number of non zero elements of column j is the number of operations influenced by the operation j through L/C.

B) First-order relationship between characteristics

If we now pre-multiply the L/C matrix by the transposed of the changes matrix, we obtain a new non symmetric square matrix, H, with as many rows or columns as characteristics of the part under study.

X' B = H

The general term h ij is:

h ij = ∑ = m 1 k jk ik b x
where:

• If i ≠ j, h ij is the number of times that characteristic I is modified using characteristic j for L/C. It establishes whether there is influence of characteristic j on characteristic i, and, to a certain extent, the potential intensity of that influence (by the reiteration).

• If i = j, usually h ij will be null

The number of non zero elements in column j represents the number of characteristics influenced by the characteristic j, via L/C.

Second-order influences.

A) Second-order relationship between operations In the two previous cases, the influences identified are of first-order, in the sense that are direct influences of an operation (or characteristic) on another. We can be interested in the indirect influences.

If we take now the square matrix G and we multiply it by itself, we obtain a new matrix that collects the second-order influences of operation j on operation i, that is, influences between two operations with a third intermediate operations (e.g.: op1 influencing op2, and op2 influencing op3, and as a consequence, indirect influence of op1 on op3):

G G = K
Where the general term k ij is the number of single intermediate influences of operation j on operation i.

B) Second-order relationship between characteristics

In a similar way, we can obtain: Where L is a square matrix with as many dimensions as characteristics, and whose general term l ij is the number of second-order influences, that is, influences between two characteristics (characteristics j on characteristic i) with a third one as intermediate.

5.1.3. Upper-order influences.

We can obtain influences of third, fourth or upper-order simply by multiplying the appropriate number of times each of the matrices G and H; for the third-order influences between operations we have to calculate G G G, and for influences between characteristics H H H; for the fourth-order influences between operations we have to calculate G G G G, and for influences between characteristics H H H H; and so on.

At a certain point, depending on the complexity of process and product, those matrices will be null, indicating that there are no relations of that order, neither upper-order, among operations or characteristics. The highest order corresponds to the number of operations for one case and to the number of characteristics for the other.

Global influences evaluation.

If we sum these matrices obtained as successive power of G until obtaining the null matrix, we obtain:

P = G + G G + G G G + ...
Where P is a square matrix (dimensions m•m), that includes the relationships of any order between process operations:

• p ij , if i ≠ j, is the number of direct or indirect influences of operation j on operation i. • p ij , if i = j, is zero.

• ∑ j ij p = number of influences, direct or indirect, affecting operation i.

• ∑ i ij p = number of influences, direct or indirect, generated by operation j.

In the same way, we can evaluate relations among characteristics obtaining:

Q = H + H H + H H H + ...
where Q is a square matrix (dimensions n•n) whose general element is:

• q ij , if i ≠ j, is the number of direct or indirect influence ways of characteristic j on characteristic i. • q ij , si i = j, is zero.

• ∑ j ij q = number of influences, direct or indirect, affecting characteristic i. • ∑ i ij q = number of influences, direct or indirect, generated by characteristic j.

Influence chart.

In the mic-mac method the concepts of motricity and dependence are defined and used. The first one refers to the degree of influence that one variable has over the others. The dependence is the degree to which one variable is influenced by the others. The same idea can be used here, referred both to process operations and to product characteristics. The motricity will be the sum by columns and the dependence the sum by rows of the corresponding matrices P and Q.

If we consider the matrix P, relations between operations, we have that p ij j ∑ is the number of influences received by the operation i from all the other operations, that is, its dependence. Also in matrix P, we have that p ij i ∑ is the number of influences generated by the operation j, that is its motricity.

The same operations can be done in matrix Q, obtaining in this way the dependence and motricity for each characteristic.

With these pairs of data, we can prepare an XY plot, having in x-axis the motricity and in yaxis the dependence. This graphic is a plot of the nature of the inter-operations (or intercharacteristics) relationships in the process.

Operations with high motricity and low dependence are the operation with higher influence over the others and, at the same time, less influenced by others. Usually this kind of operations will be at the beginning of the process. Its control is very important due to its great influence over subsequent operations and, in general, over the process. We can understand these as "source operations". In the opposite corner, we have operations with low motricity and high dependence. These can be called "result operations", very influenced by the rest of the process and usually difficult to control.

For the influences between characteristics we can also outline the corresponding motricity/dependence plot. As in the previous chart, characteristics with high motricity and low dependence are those with important influence over the others, but, on the other hand, not influenced by the rest of the process. These can be called "source characteristics". Quality problems in one of these characteristics tend to move along the process affecting other characteristics. In the opposite situations we have characteristics with low motricity and high dependence, highly influenced by other product characteristics and usually difficult to control. We can name these as "result characteristics". The analysis of the characteristics matrix has proven to provide important information about the process, the internal relationship structure between operations and between characteristics. In this way, this matrix is an interesting procedure to study and understand this complex relationship structure.

With its help, and with simple operations we can distinguish the most influential operations and characteristics, and use this information to carefully control these activities, as any problem that appears here will spread over the process, affecting other operations and characteristics. We can also identify other operations or characteristics that will be, in advance, difficult to control, as they are the effect of many sources of variation. Control on these operations or characteristics needs to take into account that in many cases problem solving need to focus on operations or characteristics different to the places where the problem has been detected.

Example

The case defined in Table 1 is a simple example of the application of the procedure described before to a mechanising process.

C.1 C.2 C.3 C.4 C.5 C.6 C.7 C.8 C.9 C.10 C.11 C.12 C.13 OP.1 X X OP.2 L C X X OP.3 C L X X X OP.4 C L X X X X OP.5 L C X X X X
Table 1. Characteristic Matrix of a simple process.

This process can be described, basing on Table 1, as follows:

1. In Operation 1 we receive raw parts with characteristics C. With this table we can build the two matrices that we have called "matrix of changes" and "L/C matrix". The changes matrix is represented in Table 2. and L/C matrix in Table 3.: 

C.1 C.2 C.3 C.4 C.5 C.6 C.7 C.8 C.9 C.10 C.11 C.12 C.13 OP.1 1 1 0 0 0 0 0 0 0 0 0 0 0 OP.2 0 0 1 0 0 1 0 0 0 0 0 0 0 F o r P e e r R e v i e w O n l y 10 OP.3 0 0 0 1 1 0 1 0 0 0 0 0 0 OP.4 0 0 0 0 1 0 0 1 1 0 0 0 1 OP.5 0 0 0 0 0 0 0 0 0 1 1 1 1
0 0 0 0 0 0 0 0 0 0 0 0 OP.2 1 1 0 0 0 0 0 0 0 0 0 0 0 OP.3 0 1 1 0 0 0 0 0 0 0 0 0 0 OP.4 0 1 1 0 0 0 0 0 0 0 0 0 0 OP.5 0 0 1 0 0 0 1 0 0 0 0 0 0 Table 3. L/C Matrix B.

Location and clamping characteristics

Working with the changes matrix X, and to study the relations between operations we will compute the product XX', obtaining the square matrix C, shown in Table 4.

OP 1 OP 2 OP 3 OP 4 OP 5 OP 1 2 0 0 0 0 OP 2 0 2 0 0 0 OP 3 0 0 3 1 0 OP 4 0 0 1 4 1 OP 5 0 0 0 1 4 Table 4. Matrix C.
We can see here that, for instance:

• in Operation 2 there have been changed (created or modified) two characteristics (element 2,2 of the matrix): in Table 1 we can confirm that this two characteristics are C.3 and C.6. • in Operation 5 four characteristics have been changed (element 5,5 of the matrix): in Table 1 we can see that these characteristics are C.10, C.11, C.12 and C.13.

• We can read that there is one common characteristic changed in operations 3 and 4 (element 4,3 or 3,4 of the matrix): in Table 1 we verify that this characteristic is C.5, that was created in operation 3 and modified in operation 4.

If we change the order of the product that we have made to obtain matrix C, we will have matrix D = X'X, presented in Table 5.:

F o r P e e r R e v i e w O n l y C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13 C 1 1 1 C 2 1 1 C 3 1 1 C 4 1 1 1 C 5 1 2 1 1 1 1 C 6 1 1 C 7 1 1 1 C 8 1 1 1 1 C 9 1 1 1 1 C 10 1 1 1 1 C 11 1 1 1 1 C 12 1 1 1 1 C 13 1 1 1 1 1 1 2 Table 5. Matrix D.
In Table 5 zeroes have been omitted for easier reading of the table. These criteria will be used from now on.

As examples, we can see in Table 5 that:

• Characteristic 3 is affected by only one operation (element 3,3 of the matrix): In Table 1 we read that this operation is Op. 2. • Characteristic 5 is affected by two operations (element 5,5 of the matrix): In Table 1 we read that these two operations are Op. 3 and Op. 4.

• If we have a look outside the diagonal, we find that characteristics 6 and 3 have changed together in one operation (element 3,6 of the matrix): In table 1 we read that this operations is Op. 2. It also occurs with many others as characteristics 1 and 2 or 11 and 12 (elements 1,2 and 11,12 of the matrix).

Working now with the L/C matrix, we can obtain matrices F and G from:

B'B = F B B' = E
In Tables 6 and7 we present these matrices for the case studied as example: We find here that characteristic 2 has been used for L/C (location or clamping) three times, and that characteristics 2 and 3 have been used together for L/C twice (elements 2,2 and 2,3 of the table ).

C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13 C 1 1 1 C 2 1 3 2 C 3 2 3 1 C 4 C 5 C 6 C 7 1 1 C 8 C 9 C 10 C 11 C 12 C 13
OP 1 OP 2 OP 3 OP 4 OP 5 OP 1 OP 2 2 1 1 OP 3 1 2 2 1 OP 4 1 2 2 1 OP 5 1 1 2 Table 7. Matrix E.
We can read here that operation 3 uses two characteristics for L/C and that operations 3 and 4 share two characteristics used for L/C (elements 3,3 and 3,4 of the Table ).

If we start now to study the direct and indirect influences between operations, we obtain the first-order influences in the matrix G:

B X' = G In our example:

OP 1 OP 2 OP 3 OP 4 OP 5 OP 1 OP 2 2 OP 3 1 1 OP 4 1 1 OP 5 1 1
Table 8. Matrix G: First-order influences between operations.

Here we can identify that in operation 3 it has been used for L/C one characteristic that was changed in operation 1 and another one that was changed in operation 2 (elements 3,1 and 3,2 of the matrix).

If we look for second-order influences, we make the product GG=K and obtain the matrix of Table 9.

OP 1 OP 2 OP 3 OP 4 OP 5 OP 1 OP 2 OP 3 2 OP 4 2 OP 5 3 1
Table 9. Matrix K: Second-order influences between operations.

In element 3,1 we read that operation 3 has been affected by operation 1 in two ways, by means of other operations. If we look at the previous tables, we find in To obtain third-order influences, we compute GGG, but this is now a null matrix, showing that there are no influences of third or upper-order between operations in this process.

To study the relations between characteristics we can compute the matrix H, representing relations between characteristics:

X' B = H

Representing the values of H the first-order influences (Table 10). We can calculate the second-order influences as HH (Table 11) and the third-order influences as HHH (Table 12). Influences or orders greater than three are zero.

C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13 C 1 C 2 C 3 1 1 C 4 1 1 C 5 2 2 C 6 1 1 C 7 1 1 C 8 1 1 C 9 1 1 C 10 1 1 C 11 1 1 C 12 1 1 C 13 1 2 1
Table 10. Matrix H: First-order influences between characteristics. 

C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13 C 1 C 2 C 3 C 4 1 1 C 5 2 2 C 6 C 7 1 1 C 8 1 1 C 9 1 1 C 10 1 2 1 C 11 1 2 1 C 12 1 2 1 C 13 2 3 1
C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13 C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C 10 1 1 C 11 1 1 C 12 1 1 C 13 1 1
Table 12. Matrix HHH: Third-order influences between characteristics.

To combine the information related to influences of any order between operations and characteristics, separately, we can calculate the matrices P and Q:

P = G + GG Q = H + HH + HHH
These matrices are represented in Tables 13 and14.

OP Table 13. Matrix P: Any order influences between operations. With the values of motricity and dependence (sums of columns and rows of matrices P and Q), we can prepare graphics as that of the Figure 1., where we can view the motricity and As operations with high motricity and low dependence (source operations) we have now Op.1 in Figure 1., a very influential operation due to its position in the process. Its control is very important now because this operations affects, directly or not, the rest of process operations in 11 different ways. We have also operations with low motricity and high dependence, "result operations", like operation 5, that is affected by the other operations in 6 different manners.

C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13 sum C 1 0 C 2 0 C 3 1 1 2 C 4 1 2 1 4 C 5 2 4 2 8 C 6 1 1 2 C 7 1 2 1 4 C 8 1 2 1 4 C 9 1 2 1 4 C 10 2 3 2 1 8 C
For the influences between characteristics we can outline the corresponding chart of motricity/dependency, and obtain Figure 2. Now we found characteristics 1, 2 and 3, characteristics with high motricity and low dependence, that have important influence over the others and, at the same time, receive only little influenced by the rest of the process (no influence in fact for characteristics 1 and 2). Specifically char. 2 affects the rest of characteristics in 28 different ways. Problems in any of these three characteristics tend to move along the process affecting other characteristics. We have also characteristics with low motricity and high dependence, as characteristics 13, 5, 10, 11 or 12, highly influenced by other product characteristics and usually difficult to control: characteristic 13 receives 12 different influences. Quality control in production processes requires the observation of some product characteristics, usually by means of control charts. With these charts we are able to monitor the evolution of the quality characteristic and detect the anomalous conditions that may arise.

INFLUENCES BETWEEN CHARACTERISTICS

However, there is an important stage, previous to the use of control charts, a less studied stage despite its great importance: the selection of the characteristics to control. Obviously, it is impossible to control all the product characteristics (dimensional, mechanical, electrical, …) therefore, it is necessary to select only a few of them. But the question is, which ones? The correct answer is obvious: the most important characteristics should be controlled. The question now is how to select these 'important' characteristics and how to measure their importance.

To do this, we have to take into account different aspects of the characteristics' importance: importance for the product function, for the production process and for the customer. If we consider the first two elements, it is evident that we need a deep knowledge of the product and process at the moment of selecting the characteristics to control. The characteristics matrix is a useful tool for this purpose. This matrix provides a fine and simple description of the production process and the effect that successive operations have on the product. The characteristics matrix (CM), usually a non square matrix, displays in rows the different process operations and in columns the product characteristics that are produced or used in the process operations. For example, in mechanization processes, most of the product characteristics are dimensional parameters. This matrix is used by different industrial procedures like Dimensional Control Plans (DCP), FMC (1985), and Advanced Product Quality Planning (APQP), AIAG (1995). Carrión and Jabaloyes (1995) presented a first study of the possibilities of this matrix for further analysis.

The general term of the CM, a ij , is the kind of relations between the corresponding process operation (row i) and product characteristic (column j). Usually a set of symbols is used to represent this relation. The three most frequently used and most important are:

x characteristic created or modified in this operation. L characteristic used for locating the part. C characteristic used for clamping the part.

The use of that matrix is limited to its observation and to the intuitive evaluation of its contents, as it is like a map of the production process, and to the identification of the characteristics and more influential operations by simple inspection of the matrix. Table 1 in the example shows a simple example of such matrix.

The objective of this paper is to exploit the information contained in the characteristics matrix via a procedure based on the technological forecast mic-mac method (Duperrin and Godet, 1974;Godet 1991). In this method we consider a square matrix that places the variables affecting a certain system in rows and columns, and the matrix general term measures, in a subjective scale, the degree of influence among characteristics. Successive powers of that matrix permit to detect indirect relations among variables, that were not evident in the original matrix.

Study and analysis of the C.M.

Let's consider a production process which includes m operations, and a product described by n quality characteristics. The characteristics matrix, as previously defined, will have m•n dimensions. For the study and analysis of the characteristics matrix, it is useful to separate the information of the matrix in two matrices with equal dimensions: the first one is called "changes matrix" and it contains the information related to the characteristics created or modified in each operation (corresponding to the code x of the traditional CM). The second one is called "LC matrix", and it contains the information related to operations of locating and clamping (identified with the codes L and C in the traditional CM). In both matrices, the codes are substituted by 1 (one), remaining the rest of the terms in zero.

We will then have two matrices, usually of very low density, that collect the information on the process and the characteristics of the product. Operating with these matrices, we will obtain more information on the structure of the process and the relations between characteristics. First, let's consider this matrix that collects the information of changes in product characteristics. If we call this changes matrix X, its general term x ij is:

The matrix of changes.

x ij = 1 if characteristic j has been created or modified in the operation i x ij = 0 in other cases If we post-multiply it by its transposed X', the result is a symmetric square matrix with m•m size (where m is the number of process operations):

X X' = C
The general term for this matrix C, c ij , is:

c ij = = n 1 k jk ik x x
the values of c ij represents:

• if i=j, c ij is the number of characteristics created or modified in the operation i • if i j, c ij is the number of common characteristics changed in both operations, i and j.

We can also see that:

• The sum of the elements in row i, = n 1 j ij c , is the number of changes that are produced in the characteristics changed in that operation i, that is, the changes that are produced in the operation i plus the changes in other operations that affect the characteristics modified in operation i.

• The matrix trace C is the number of change actions that have been carried out in the process.

If we multiply now in the opposite order:

X' X = D

We obtain the symmetric square matrix D, with n•n dimensions (where n is the number of product characteristics). The general element d ij is:

d ij = = m 1 k kj ki x x
the values of d ij represent:

• if i=j, d ij is the number of operations affecting the characteristic i • if i j, d ij is the number of operations in which characteristics i and j are simultaneously modified. • if i=j, e ij is the number of characteristics used for LC in operation i • if i j, e ij is the number of common characteristics shared by operations i and j for LC Also, we can see that:

• The sum of the elements in row i, = n 1 j ij e , is the number of characteristics used for LC actions that are related to operation i. That is, the LC actions carried out in the operation i plus the LC actions in other operations that use characteristics also used in operation i.

• The matrix trace E is the number of LC actions that have been carried out in the process.

If we pre-multiply B by its transposed: We obtain the matrix F, a symmetrical square matrix, with dimensions n•n (where n is the number of characteristics). The general term of F is:

B' B = F
f ij = = m 1 k kj ki b b
the values of f ij represent:

• if i=j, f ij is the number of operations that use characteristic i for LC • if i j, f ij is the number of operations in which characteristics i and j are simultaneously used for LC.

And we can also identify that:

• The sum of row i, = m 1 j ij f
, is the number of LC actions related with the characteristic i, referred to this characteristic or to any other characteristic acting together with characteristic i.

• The matrix trace F is the number of LC actions performed in the process.

Combination of the L/C and Changes Matrices.

The information previously obtained is interesting as it describes some non evident aspects of the production process structure, but is the joint use of both matrices what gives us the best results. In the following paragraphs we will present some of these results.

Influences between operations and between characteristics.

First-order influences.

A) First-order relationship between operations If we post-multiply the L/C matrix by the transposed of the changes matrix:

B X' = G
We obtain a non symmetric square matrix G, with as many rows and columns as operations in the process. The general term, g ij ,is:

b ij = = m 1 k jk ik x b
And we can find that:

• If i j, g ij is the number of characteristics used for L/C in the operation i that were changed in the operation j. It establishes whether there is influence of operation j on operation i, and, to a certain extent, the potential intensity of that influence (by the reiteration).

• If i = j, usually g ij will be null, as it represents the number of times that a characteristic is employed for L/C is changed in that same operation.

The number of non zero elements of column j is the number of operations influenced by the operation j through L/C.

B) First-order relationship between characteristics

If we now pre-multiply the L/C matrix by the transposed of the changes matrix, we obtain a new non symmetric square matrix, H, with as many rows or columns as characteristics of the part under study.

X' B = H

The general term h ij is:

h ij = = m 1 k jk ik b x
where:

• If i j, h ij is the number of times that characteristic I is modified using characteristic j for L/C. It establishes whether there is influence of characteristic j on characteristic i, and, to a certain extent, the potential intensity of that influence (by the reiteration).

• If i = j, usually h ij will be null

The number of non zero elements in column j represents the number of characteristics influenced by the characteristic j, via L/C. 5.1.2. Second-order influences.

A) Second-order relationship between operations

In the two previous cases, the influences identified are of first-order, in the sense that are direct influences of an operation (or characteristic) on another. We can be interested in the indirect influences.

If we take now the square matrix G and we multiply it by itself, we obtain a new matrix that collects the second-order influences of operation j on operation i, that is, influences between two operations with a third intermediate operations (e.g.: op1 influencing op2, and op2 influencing op3, and as a consequence, indirect influence of op1 on op3):

G G = K F o r P e e r R e v i e w O n l y
Where the general term k ij is the number of single intermediate influences of operation j on operation i.

B) Second-order relationship between characteristics

In a similar way, we can obtain:

H H = L
Where L is a square matrix with as many dimensions as characteristics, and whose general term l ij is the number of second-order influences, that is, influences between two characteristics (characteristics j on characteristic i) with a third one as intermediate.

Upper-order influences.

We can obtain influences of third, fourth or upper-order simply by multiplying the appropriate number of times each of the matrices G and H; for the third-order influences between operations we have to calculate G G G, and for influences between characteristics H H H; for the fourth-order influences between operations we have to calculate G G G G, and for influences between characteristics H H H H; and so on.

At a certain point, depending on the complexity of process and product, those matrices will be null, indicating that there are no relations of that order, neither upper-order, among operations or characteristics. The highest order corresponds to the number of operations for one case and to the number of characteristics for the other.

Global influences evaluation.

If we sum these matrices obtained as successive power of G until obtaining the null matrix, we obtain:

P = G + G G + G G G + ...
Where P is a square matrix (dimensions m•m), that includes the relationships of any order between process operations:

• p ij , if i j, is the number of direct or indirect influences of operation j on operation i. • p ij , if i = j, is zero. • j ij p =
number of influences, direct or indirect, affecting operation i. In the same way, we can evaluate relations among characteristics obtaining:

Q = H + H H + H H H + ...
where Q is a square matrix (dimensions n•n) whose general element is: • q ij , if i j, is the number of direct or indirect influence ways of characteristic j on characteristic i. • q ij , si i = j, is zero. • j ij q = number of influences, direct or indirect, affecting characteristic i.

• i ij q = number of influences, direct or indirect, generated by characteristic j.

Influence chart.

In the mic-mac method the concepts of motricity and dependence are defined and used. The first one refers to the degree of influence that one variable has over the others. The dependence is the degree to which one variable is influenced by the others. The same idea can be used here, referred both to process operations and to product characteristics. The motricity will be the sum by columns and the dependence the sum by rows of the corresponding matrices P and Q.

If we consider the matrix P, relations between operations, we have that p ij j is the number of influences received by the operation i from all the other operations, that is, its dependence. Also in matrix P, we have that p ij i is the number of influences generated by the operation j, that is its motricity.

The same operations can be done in matrix Q, obtaining in this way the dependence and motricity for each characteristic.

With these pairs of data, we can prepare an XY plot, having in x-axis the motricity and in yaxis the dependence. This graphic is a plot of the nature of the inter-operations (or intercharacteristics) relationships in the process.

Operations with high motricity and low dependence are the operation with higher influence over the others and, at the same time, less influenced by others. Usually this kind of operations will be at the beginning of the process. Its control is very important due to its great influence over subsequent operations and, in general, over the process. We can understand these as "source operations". In the opposite corner, we have operations with low motricity and high dependence. These can be called "result operations", very influenced by the rest of the process and usually difficult to control. For the influences between characteristics we can also outline the corresponding motricity/dependence plot. As in the previous chart, characteristics with high motricity and low dependence are those with important influence over the others, but, on the other hand, not influenced by the rest of the process. These can be called "source characteristics". Quality problems in one of these characteristics tend to move along the process affecting other characteristics. In the opposite situations we have characteristics with low motricity and high dependence, highly influenced by other product characteristics and usually difficult to control. We can name these as "result characteristics".

Conclusions.

The analysis of the characteristics matrix has proven to provide important information about the process, the internal relationship structure between operations and between characteristics. In this way, this matrix is an interesting procedure to study and understand this complex relationship structure.

With its help, and with simple operations we can distinguish the most influential operations and characteristics, and use this information to carefully control these activities, as any problem that appears here will spread over the process, affecting other operations and characteristics. We can also identify other operations or characteristics that will be, in advance, difficult to control, as they are the effect of many sources of variation. Control on these operations or characteristics needs to take into account that in many cases problem solving need to focus on operations or characteristics different to the places where the problem has been detected.

Example

The case defined in Table 1 is a simple example of the application of the procedure described before to a mechanising process.

[Insert Table 1 about here] This process can be described, basing on Table 1, as follows:

1. In Operation 1 we receive raw parts with characteristics C. With this table we can build the two matrices that we have called "matrix of changes" and "L/C matrix". The changes matrix is represented in Table 2. and L/C matrix in Table 3.:

[Insert Table 2 about here]

[Insert Table 3 about here]

Working with the changes matrix X, and to study the relations between operations we will compute the product XX', obtaining the square matrix C, shown in Table 4.

[Insert Table 4 about here]

We can see here that, for instance:

• in Operation 2 there have been changed (created or modified) two characteristics (element 2,2 of the matrix): in Table 1 we can confirm that this two characteristics are C.3 and C.6. • in Operation 5 four characteristics have been changed (element 5,5 of the matrix): in Table 1 we can see that these characteristics are C.10, C.11, C.12 and C.13.

• We can read that there is one common characteristic changed in operations 3 and 4 (element 4,3 or 3,4 of the matrix): in Table 1 we verify that this characteristic is C.5, that was created in operation 3 and modified in operation 4.

If we change the order of the product that we have made to obtain matrix C, we will have matrix D = X'X, presented in Table 5.:

[Insert Table 5 about here]

In Table 5 zeroes have been omitted for easier reading of the table. These criteria will be used from now on.

As examples, we can see in Table 5 that:

• Characteristic 3 is affected by only one operation (element 3,3 of the matrix): In Table 1 we read that this operation is Op. 2. • Characteristic 5 is affected by two operations (element 5,5 of the matrix): In Table 1 we read that these two operations are Op. 3 and Op. 4.

• If we have a look outside the diagonal, we find that characteristics 6 and 3 have changed together in one operation (element 3,6 of the matrix): In table 1 we read that this operations is Op. 2. It also occurs with many others as characteristics 1 and 2 or 11 and 12 (elements 1,2 and 11,12 of the matrix).

Working now with the L/C matrix, we can obtain matrices F and G from:

B'B = F B B' = E
In Tables 6 and7 we present these matrices for the case studied as example: We find here that characteristic 2 has been used for L/C (location or clamping) three times, and that characteristics 2 and 3 have been used together for L/C twice (elements 2,2 and 2,3 of the table ).

[Insert Table 7 about here]

We can read here that operation 3 uses two characteristics for L/C and that operations 3 and 4 share two characteristics used for L/C (elements 3,3 and 3,4 of the Table ).

If we start now to study the direct and indirect influences between operations, we obtain the first-order influences in the matrix G:

B X' = G In our example:

[Insert Table 8 about here]

Here we can identify that in operation 3 it has been used for L/C one characteristic that was changed in operation 1 and another one that was changed in operation 2 (elements 3,1 and 3,2 of the matrix).

If we look for second-order influences, we make the product GG=K and obtain the matrix of Table 9.

[Insert Table 9 about here]

In element 3,1 we read that operation 3 has been affected by operation 1 in two ways, by means of other operations. If we look at the previous tables, we find in Table 1 that in operation 1 characteristic 2 has been created, and that this characteristic is used for clamping in operation 2, where characteristic 3 is created. These two characteristics (2 and 3) are used for clamping and location in operation 3, and by these two ways, operation 1 is affecting operation 3, with one intermediate operation. Similar analysis can be made for the other elements of the table.

To obtain third-order influences, we compute GGG, but this is now a null matrix, showing that there are no influences of third or upper-order between operations in this process.

To study the relations between characteristics we can compute the matrix H, representing relations between characteristics:

X' B = H

Representing the values of H the first-order influences (Table 10). We can calculate the second-order influences as HH (Table 11) and the third-order influences as HHH (Table 12). Influences or orders greater than three are zero. To combine the information related to influences of any order between operations and characteristics, separately, we can calculate the matrices P and Q:

P = G + GG Q = H + HH + HHH
These matrices are represented in Tables 13 and14.

[Insert Table 13 about here]

[Insert Table 14 about here]

With the values of motricity and dependence (sums of columns and rows of matrices P and Q), we can prepare graphics as that of the Figure 1., where we can view the motricity and dependence of the operations of this case. In Figure 2. we have the corresponding motricity/dependence plot for characteristics.

[Insert Figure 1 about here]

As operations with high motricity and low dependence (source operations) we have now Op.1 in Figure 1., a very influential operation due to its position in the process. Its control is very important now because this operations affects, directly or not, the rest of process operations in 11 different ways. We have also operations with low motricity and high dependence, "result operations", like operation 5, that is affected by the other operations in 6 different manners.

For the influences between characteristics we can outline the corresponding chart of motricity/dependency, and obtain Figure 2.

[Insert Figure 2 about here] Now we found characteristics 1, 2 and 3, characteristics with high motricity and low dependence, that have important influence over the others and, at the same time, receive only little influenced by the rest of the process (no influence in fact for characteristics 1 and 2). Specifically char. 2 affects the rest of characteristics in 28 different ways. Problems in any of these three characteristics tend to move along the process affecting other characteristics. We have also characteristics with low motricity and high dependence, as characteristics 13, 5, 10, 11 or 12, highly influenced by other product characteristics and usually difficult to control: characteristic 13 receives 12 different influences. 
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Table 2 .

 2 Changes Matrix X. Characteristics creation or modification

		C.1	C.2 C.3 C.4 C.5 C.6 C.7 C.8 C.9 C.10 C.11 C.12 C.13
	OP.1	0

Table 6 .

 6 Matrix F.

	F o r
	P
	e
	e r
	R
	e
	v i e
	w
	O n l
	y

Table 1

 1 operation 1 characteristic 2 has been created, and that this characteristic is used for clamping in operation 2, where characteristic 3 is created. These two characteristics (2 and 3) are used for clamping and location in operation 3, and by these two ways, operation 1 is affecting operation 3, with one intermediate operation. Similar analysis can be made for the other elements of the table.

	that in

Table 11

 11 

	F o r
	P
	e
	e r
	R
	e
	v i e
	w
	O n l
	y
	14

. Matrix HH: Second-order influences between characteristics.

Table 14 .

 14 Matrix Q: Any order influences between characteristics.

	11 2	3	2				1						8
	C 12 2	3	2				1						8
	C 13 3	5	3				1						12
	sum	19	28	15	0	0	0	4	0	0	0	0	0	0

  Table 10 about here] [Insert Table 11 about here] [Insert Table 12 about here]
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 1 Characteristic Matrix of a simple process.
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Table 4 .

 4 Matrix C.

	F o r
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	e
	e r
	R
	e
	v i e
	w
	O n l
	y
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	OP 1	OP 2	OP 3	OP 4	OP 5
	OP 1				
	OP 2	2	1	1	
	OP 3	1	2	2	1
	OP 4	1	2	2	1
	OP 5		1	1	2
	F o r				
	P				
	e			
	e r			
		R		
		e		
			v i e	
				w
					O n l
					y
			20		

Table 7 .

 7 Matrix E.

		OP 1	OP 2	OP 3	OP 4	OP 5
	OP 1				
	OP 2	2			
	OP 3	1	1		
	OP 4	1	1		
	OP 5		1	1	
	F o r			
		P			
		e		
		e r		
			R	
			e	
				v i e
					w
						O n l
						y
				21	

Table 8 .

 8 Matrix G: First-order influences between operations.
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		OP 1	OP 2	OP 3	OP 4	OP 5
	OP 1				
	OP 2				
	OP 3	2			
	OP 4	2			
	OP 5	3	1		
	F o r			
		P			
		e		
		e r		
			R	
			e	
				v i e
					w
						O n l
						y
				22	

Table 9 .

 9 Matrix K: Second-order influences between operations.
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		C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13
	C 1		
	C 2		
	C 3	1	1
	C 4		1	1
	C 5		2	2
	C 6	1	1
	C 7		1	1
	C 8		1	1
	C 9		1	1
	C 10 C 11 F C 12 o r 1 1 1 C 13 1 2	1 1 1 1
				P
				e
				e r
				R
				e
				v i e
				w
				O n l
				y
				23

Table 10 .

 10 Matrix H: First-order influences between characteristics.
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		C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13
	C 1		
	C 2		
	C 3		
	C 4	1	1
	C 5	2	2
	C 6		
	C 7	1	1
	C 8	1	1
	C 9	1	1
	C 10 1	2	1
	C 11 1 C 12 1 F r 2 1 2 1 o C 13 2 3 1
				P
				e
				e r
				R
				e
				v i e
				w
				O n l
				y
				24

Table 11 .

 11 Matrix HH: Second-order influences between characteristics.
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	C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13
	C 1	
	C 2	
	C 3	
	C 4	
	C 5	
	C 6	
	C 7	
	C 8	
	C 9	
	C 10 1	1
	C 11 1 C 12 1 F r 1 1 o C 13 1 1
		P
		e
		e r
		R
		e
		v i e
		w
		O n l
		y
		25

Table 12 .

 12 Matrix HHH: Third -order influences between characteristics.
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		C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C11 C12 C13 sum
	C 1												0
	C 2												0
	C 3	1	1										2
	C 4	1	2	1									4
	C 5	2	4	2									8
	C 6	1	1										2
	C 7	1	2	1									4
	C 8	1	2	1									4
	C 9	1	2	1									4
	C 10 2	3	2			1						8
	C 11 2 C 12 2 C 13 3 sum 19	F o r 3 2 3 2 F 5 3 o r 28 15 0	0	0	1 1 1 4	0	0	0	0	0	0	8 8 12
				P P								
				e e							
				e r e r						
						R R					
						e e				
							v i e v i e			
									w w		
										O n l O n l
												y y
								27				

Table 14 .

 14 Matrix Q: Any order influences between characteristics.
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