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Lecture - 37
Other Designs/Second Order Designs

Welcome to the course on Biostatistics and Design of Experiments. We have been talking
about various types of designs, screening designs, various types of screening designs.
One of them, the most important one is your factorial design. Then, we looked at the
fractional factorial design, that means, doing a fraction of those factorials. Then, | talked
about something called the confounding. Then, I also talked about the resolution. So,
Resolution I11 designs are not generally liked. Resolution IV or above are always liked.
And, if you say 2%, that means, 4 is the number of factors, or parameters you are

looking at, and this is a half of that.
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Resolution tells us which terms are confounded |

SoRtlis 222 =2NisT 16 Ralf of that will be 8 experiments. So, what do you do? 8
experiments is, so you put a new variable D, new factor D in, in place of ABC. So, you
have a confounding of D and A B C. This is a Resolution 1V design, because there are 4
terms and the design generator | is equal to A B C D, understand. So, that is how you go



about doing that. So, Resolution IV design. This is liked. Resolution Il design is not
liked. So, what do you do? 3 parameters or 3 factors; so 23, 8 experiments, you do not
want to do 8 experiments. So, what do you do? %%, So, it is half of 8 experiments. You
are doing only 4 experiments. So, what do you do? You replace A B with C, that means,
A B is confounded with C. So, the design generator isAB C; I = AB C and this is a
Resolution 111, because you have 3 parameter, and so on. So, you can, this tells you the,
which terms are confounded, and then, it also tells you, allows you to make your
resolution. This will be your Resolution IV and so on, number of runs. So, and, | also
taught you how to do the calculations later, once you have the results also. Now, then, we

went into something else, the Plackett-Burman designs.
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These are also very good screening designs. We can screen large number of factors in
the very minimal experiments. Ideally, if the factors are like 3, 7 and 11 and so on,
because the design generator for Plackett-Burman designs are meant for 8 runs, 12 runs,
16 runs, 20 runs, 24. So, if we have one factor less than that, then Plackett-Burman
design is very, very good; because, with less number of experiments, you can get very

good idea about the main effect. So, you have the design generator here.

| taught you how to build up these tables. The last row generally, I mean, last row is



always -, -, -, and you push these signs up, and build up this. So, Plackett-Burman design
is very good, if we have parameters like 3, 7, 11, 15 and so on. If the number of
parameters is not that or slightly less, we can always call some of them as dummy
variables. Some of these columns can be called dummy variables. This is taken from this

particular reference.
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Then, we talked about Latin Square Design. This is also very important, useful type of
design. Then, | showed you Latin Square for 3 parameters A, B, C, each operated at 3
levels. So, how do you represent that? =1, 0and 1. Ina 2 level, we say -1 and 1, fora 3
parameter we say - 1, 0, 1. And, here, you can see, you need to do 9 experiments. So, this
will be one experiment; this will be one second experiment; this will be third experiment;
4,5,6,7,8,9. So, it is very nice Latin Square Designs for a 3 variable problem. Ifitisa
2 variable problem, we can have a 2 by 2 Latin Square. We do not have to, 2 variable
problem. We can go even 2 parameters, 2 levels, 2 variables, we can have 2 by 2 Latin

Squares and so on, actually.
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Then, comes another design. This is also a screening design, that is called Taguchi
designs. Traditional DOE’s focus on how each level, or each factors, sorry, not each
level, each factor affects the output, that is y. Y is your output, or the dependent variable.
Suppose, | am doing a bio-process like a yield of a metabolite, or biomass, that is the
output. Whereas in Taguchi design, he has looked at robust design, and he is more
interested in the variation, the loss function. So, he is looking... Taguchi, there, has
developed designs, looking at them as a possible robust design and also looking at the
variations, rather than the averages. Whereas, in normal designs, like your factorial
(Refer Time: 05:45) designs, or even your Plackett-Burman, we are looking at average

output; we are more interested in that, actually.
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So, Taguchi design, you go, there is a design selector is there. This tells you number of
parameters; this tells you number of levels. This table was taken from this particular
reference. So, this tells you the number of levels; this tells you the number of parameters.
So, If | have a 2 by 2, that means, 2 levels, 2 parameters. There is something called L 4

design. If | have that table L 4 is available here, table L 4 is available here, ok.
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This is called the table L 4. So, we can pick up the, as you can see, L 4 and 4 runs, we
can pick up this. So, we can pick up column 1 and 2, for A and suppose | have 2

variables, so, | can do these two.

If 1 have 3 parameters also, | can take up this. So, this will become like a confounding;
do you understand? And so on. So, if you look at this table, there are tables available like
L 9 table, L 18 table, L 27 table. They are meant for 3 levels and so on. L 16 table meant
for 4 level, L 25 tables, 50 tables available for 5 levels. So, standard tables are available.
We just pick up and then use it. So, let us look at this level 2. So, you have tables for L
4, L 8. So, we can do it for, suppose | have parameters 3 or 2, | can use the L 4 table. If |
have parameters 4, or 5, or 6, or even 7, | can use the L 8 table, ok. And, if | have

parameters 8, 9, 10, 11, | can use L 12 table and so on, actually.
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So, if you look at the L 4 table, 2 levels, I can do a full factorial design. | can, (Refer
Time: 07:50) if | maintain 2 factors, | can (Refer Time: 07:52) get a Resolution 1V, or |

can do, go up to 3 factors for screening.
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So, if I am interested in doing a screening type of work, | can go up to, take this table,
and | can look at 3 variables. For example, this. This is the L 4 table; 4 runs. This is for
factor A, factor B, factor C. So, if | put A, B, C, then, obviously it becomes a screening
design. Whereas, if | put only A, B, | can do a very good, high resolution, full factor, it
becomes a full factorial design. This is the table called L 4 table. So, I just blindly do
this, take the, pick up the L 4 design for 2 level, and if it is 2 factors, | put A, B, ignore

this; if it is 3 factors, | put A, B, C, and do the experiments accordingly.
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Let us look at L 8 design; that means, 8 runs. This number tells you how many runs, 4,

8, 9 and so on.
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So, the 8 tells you the number of experiments. So, if you look at L 8 design, 2 levels, if |

have 3 factors, it becomes full factorial, right? 2 raised to the power 3 is also full



factorial. But, if I want to do a screening, | can go up to 7; it is almost like your Plackett-
Burman, ok. If | want to get Resolution V, then, I stick to only 3 factors. So, let us look
at L 8 design. This is how it looks like. So, either I can have less number of factors. I can
have only 3 factors, then, it becomes full factorial design, that means, A, B, C. So, this
will become AB, this will become BC, this will become AC, this will become ABC. Or,
| can have 7 factors, A, B, C, D, E, F. 1 am doing 8 experiments. It is like your Plackett-
Burman design. Notice that even here, you will have the balancing, 4 -, 4 +. So, you
should always have a balance and orthogonal type of behavior.

So, if I want to do a full factorial design, so, | will, I can select this. | can select this, as |
said, 23 is 8 experiment. So, | can select this, | can select this. Then, I do not select this,
of course, because, this and this look same. So, | will select this, do you understand?
That is why | select this column, this column, and this column. So, if it is a 3 factor, full
factorial design. So, if I want to do screening up to 7, then, | can go right upto 7. | can
have A, B, C, D, E, F, like that, now completely. So, I can keep increasing. So, 1, 2, 4,
7. So, | will not use 5, because, 4 and 5 look similar. So, | can use this, | can use this, |
can use this, then, | can use this. So, like that, because some of 4 and 5, like that. Now
they are all similar. So, L 4, L 8. So, we can, if | want to do a full factorial design, I
select, | can do up to 3 factors. So, that will become a full factorial design, with their
interactions, and then, if I want to look at 7 factors also, | can go; it will be almost like a
Plackett.

Then, you have the L 9 designs. L 9 designs are generally for 3 levels, - 1, 0, 1. If | have
only 2 factors, so, it is B2 WHICHiS3*3%89. So, full factorial | will get. But, I can go up
to 4 factors as a screening design. So, | can go up to 4 factors, so 9 runs. So, as you can
see, minuses, zeros, 1. So, this is at the highest level; this is at the lowest level; this is at
the middle level. For example, temperature, if | am interested in looking at 30, 40, 50, +
1 means 50, - 1 means 30, 0 means 40. pH, ifitis 3, 4,5 | am looking at, so - 1 means 3;
S+ 1; 0is 4; like that you know. So, if | want to do a full factorial design, what | do is, |
will take 3 factors | can do; column 1, column 2 and column 4. Or, screening design,

like that you can keep on doing. You can add many factors, actually.

Then, you also have this L 12 design. So, as you can see, a L 12 design, 2 levels; so, we



can use it as a screening design for 11 factors.
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So, | can put 11 factors here, A, B, C, D, E, like that. So, I will do 12 runs. This is almost
like your Plackett-Burman design. It is a like Plackett-Burman design, ok.

Only thing is, the columns and the rows are been permuted; so, they have interchanged
the columns and the rows, actually, in some cases. Whereas, in Plackett-Burman design,
if you see at the bottom, you will get always negatives, right. So, some difference is
there. So, last line will always, 12 runs, you always get in negative. So, there is a
permute, there is a switching over of some rows and columns, but, it is exactly like
Plackett-Burman. So, 11 factors, | can use a Plackett-Burman design, and do a 12
experiment, or | can pick up this Taguchi table for L12. | have 11 factors, and | can do a
screening design. So, | have both the options, actually, | can take Taguchi or | can take
Plackett-Burman for 12 experiments. Then, you have a L... So, just like L4, L8, L9, L
12, you also have L 16 table.
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This is L 16 table. So, there are 16 runs. So, this indicates the number of runs. You have
16 runs here. So, I can do a full factorial; 2 raised to the power is a full factorial, right; 2
*2*2*2, 4times. So, full factorial. Full factorial will give you, sorry, full factorial of
4, | can go up to 5 factorial, and maintain Resolution V. If you want to do a screening
design, | can go up to 15, just like your Plackett-Burman experiment, right, 15. And then,
there are L 18 designs; that means, 18 experiments, 27 experiments and so on, actually.
So, the advantage of the Taguchi designs are, there are tables available. We can use
different tables for different... if we have the... depending upon the number of
parameters, and numbers of levels you have. If the parameters are less in that, what is
available in the table, we can ignore that. Then, one important point is, you need to
crosscheck whether there is a balance and orthogonality taking place, because any design
you take, we need to have that sort of conditions; that is very important. So, sometimes it
will look like even Plackett-Burman design especially, when you are looking at L 12, and
go screening for 11 factors. Then, of course, it is like a Plackett-Burman design. So, we

have different types of tables, that is advantage of this type of a Taguchi method.
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This is a L 18 design. We have 18 experiments here. This is at 3 levels. We have - 1, 0
and + 1, 3 levels. So, the main advantage as | said is, there are designs, tables available.
Taguchi has prepared and given it. So, we can use those tables directly, and whether it is
a 2 factor, sorry, 2 levels, or it is a 3 level, there are tables available. He even has, as you
can see here, 2 levels, 3 levels, 4 levels, 5 levels, there are tables. Generally, we will not
go 4 levels and 5 levels. So, 2 levels, 3 levels, there are table available, depending upon
the number of parameters. There are tables for L 32 also, that means 32 experiments you
need to do. So, you just pick up those tables and make use of, for your design.

So, we have covered lot of designs which can be used for screening, the full factorial, the
fractional factorial, the Plackett-Burman design, the Latin Square design, the Taguchi
design. So, all these are very good. Taguchi, of course, you can mix and match, and use
it for full factorial or even fractional factorial. All these designs are at 2 levels, that
means, you can get a linear relationship between, if temperature varies from 30 and 40,
30 to 40, | am measuring at 30, I am measuring at 40. pH, I am measuring at, say 3, and
measuring at 4, the effect of pH; carbon concentration, measuring at 1 % and measuring
at 2 %. So, | am measuring at two places; obviously, | can get linear relationship. So, if |

am generating regression equation, I can get a linear relation.



If I want to get a non-linear relation, ultimately, we are interested in optimization. So, in
such situations, | need to have data at more than two points. Then only, | can get up, at
least a square term. Then only, | can get a quadratic term, which is non-linear. Then, |
can find an optimum, maximum yield, for a minimum impurity and so on, actually. In a
linear, it is always increasing or always decreasing, monotonically increasing, or
monotonically decreasing. There is no optimum. So, initially, during screening design,
we do all the experiments at 2 levels, whether it is 2% 0F 2%, or whatever it is. So, we
will have -1, + 1, as your coded experimental strategy. We cannot use the results we get
to develop a second order type of model. We can use it to develop a linear model, not a

quadratic model.

So, screening designs are used for eliminating many parameters which are of no
significance. And (Refer Time: 20:30) screening designs can be used to develop a linear
relationship. But, if we are interested in developing nonlinear relationship, then, we need
to go for second order model. So, when you start your design, you do not immediately
jump into second order model; that is a very bad idea. What you do is, you do a
screening design. You have 5 parameters, you do a screening design; come down to 2
parameters, and then, you do a second order design for those 2 parameters. Because,
when you are doing second order design, you may require the results at 3 levels, -1, 0, 1.
So, the number of experiments also increases; because, if you have experiments at 3
levels, you will be able to get a quadratic relationship. So, always remember, when you
start your design experiments, never go for second order model, second order designs;
start with screening designs like fractional, fractional factorial, or Taguchi method, or
Plackett-Burman, or even Latin Square. Eliminate many variables, and then, do a
detailed design; and that is what we are going to talk about. These detailed designs are
generally second order designs which can be used to generate non-linear relation like a

quadratic relation.
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So, this second order designs are extremely useful in the later part. We can use those
designs for optimization. | want to calculate, maximize, my biomass production. I want
to calculate, maximize, my metabolite production. Then, we need to have a second order

model, or a quadratic model.

(Refer Slide Time: 20:49)

Some Second Order Designs

« Central Composite Designs: (developed by Box and
Wilson (1951)) for fittng quadratic response sufaces, These are
first order designs augmented with center points and star (or axal)
points

-

3k Factorial Designs: A factorial arangement with k factors
each al three-levels, Not very efficient design for large number of
factors

Box-Behnken Designs: for fiting second-order response
surfaces. Useful when comer points cannot be run due fo physica
limitations

Other 2nd order designs : Equiradial design, Koshal
design, Hybrid design, and Small CCD

NPTE




So, there are some designs in second order also. One is called the Central Composite
Design, 3k Factorial Design, Box-Behnken Design. So, these are some designs. Many
softwares, commercial softwares, automatically will give this information. So, it is not a
big deal, and | will also tell you how to go about doing that. And, it is a very useful to do

that, even using a paper and a pencil.

There are other designs, Koshal design, Hybrid design; we will not talk about it. The
main designs | will talk about is this central composite and Box-Behnken design. These
designs are very useful and well used generally, and well accepted. So, the second order
designs, of course, you have to have the data at 3 levels of the factors, minus 1, 0, 1; that
means, temperature at 30 %, 40 °, 50 °. Whereas, when you are doing a screening design,
if you are changing temperature, you may do at 30 ® and 40 °, or 30 ° and 50 ° only.
Whereas, if you are doing a second order design, you will have at 3 levels; so, you will
do a 30, 40, 50. Of course, you may ask the question, can | do a 3 power and raised
factorial design? Also, yes, you can do that, but you do not do 3 power end designs
during screening process. Never, never, never do that actually, because, the number of
experiments increases. You do not know which factors to use, which are of no use. So,
in during, after screening, you may eliminate some factors; then, what is the point in
doing too many levels of unwanted factors. That is why, screenings, we generally do it at

2 levels, and later on, detailed design, we can do at minus 1, 0, 1.

So, central composite designs developed by Box and Wilson. These are first order
designs, with augmented with center points and star point. So, center point is right in the
middle and star points are outside this first order design. First order designs are your
factorial designs. 3 k Factorial Design, a fraction arrangement with k factors, each at 3
levels. Box-Behnken Design, this is also almost like central composite, but the corner

points are not used; so, they use some other points. So, we look at each one of them.
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So, imagine, | have a factorial, 2 power 3, 8 experiments, right; 1, 2, 3, 4, 5, 6, 7 and
inside 8. So, for a 2% it is like a cube; the parameter factor A, factor B, factor C, each Bhg
at-1and + 1 level; factor A, factor B, factor C, each one at - 1 and + 1 level. So, it is 2°
So, it is like a cube. In a central composite design, so, in addition to this 8 places, full
factorial, we do experiments at the central point, here; and, we also do experiments at 6
star points which are outside this cube. Do you understand? So, 8 éxperiments + 1, 9
experiment, and 6 star points. These are, there are 6 faces to the cube. So, there will be
6 star places which are outside the face; that means, outside. That means, it is beyond the
# 1 level, or below the =1 level; they are called the star points. So, totally, for 3 factors,
you do 8%+ 1, 9% 6, 15 experiments. You will get, you are actually doing experiments at
5 levels, can you imagine?

not? At 5 levels, but, you are doing only 15 experiments. So, we can fit non-linear

equations, for effect of factor A on your, the output, effect of factor B on your output,



effect of factor C on your output, just by doing only 15 experiments. That is the beauty
of the CCDs. So, we cut down the number of experiments tremendously, but we get lot

of information using this type of approach; that is the main advantage.

Now, how do you decide on the star points? These star points are outside the, the cube,
outside the face of the cube; so you will have 6 faces for a cube. So, obviously, there are

6 star points. Do you understand? So, there are 8, for the factorial, there is 1 central

points, 9, 6 stars, that is above Fi BeloW:= 1, above 1 below =1, above + 1. below =1l
S0, thereare 6 experiments. S0, 8 #1%6,/151poinis| each, that means, you are doing

each variable at 5 levels. So, you get very good idea about the effect of each parameter,

or factor, on your output, and, you can develop very good non-linear relationship. It is

even better than your B¥design; ‘becausein 3" youare doing!only at 3 Ievels, but the
levels, a factorial, it becomes 3°, which is 3 * 3 * 3, that is 27 experiments. Whereas,

with 15 experiments, with CCD, | can get lot of information also. That is the main
advantage of the CCD.

So, I do the full factorial inside; that means, | can get some, quite a lot of idea about my
interactions also. Then, | do these extra star points and central point. So, | am doing each
variable at 5 levels also. So, it is much superior -type of designs, do you understand?

So, itis really good.
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The other one is the Box-Behnken design. So, instead of doing at these corners, it does it
at these center places of these edges; center of the edge, you know. So, this is what this
picture is about, actually. So, you do the same thing, you do at the center of this cube, but
you also do experiments at the center of these edges, rather than corner of these cube. Of
course, if the factors are 3 to 7, only it exists. So, it is not the corners it is doing, it is
doing at these edges, center of these edges actually, that is called the Box-Behnken

Design.
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So, if we have a, say a 2 parameter, that is like your square, that is like your square and if
you are doing a CCD, the 4 points in the square, that is, the 22, the center point and if the

star point is at the edges, so, these are the 4; these are called the star points.

So, when you are doing high, medium, low, medium is your 0, O; so, this is the design.
But, if you can extend this little bit, little bit, little bit, little bit; if the region of interest is
more, so, that way, little bit, little bit, you are ending up doing 5 level type of
experiments. Whereas, if you are keeping your star points right on the edges, you are
doing only 3 level experiments, for each of these parameter, or variable, or factor; it will

be high, medium, low only. So, if you extend it beyond, then you are doing at 5 level.
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Do not forget that; see, this is what it is. So, if you are extending it beyond those, those
points, so, you are doing at 5 levels. Each variable is changed from, this is level 1, level
2, level 3, level 4, level 5; so, each variable is changed. So, here we can say, the star
point, if you call It e, If your a is 1, those points lie right on these; whereas, if @> 1, they
are beyond this square. So, it is exploring beyond this square; that is what it is all about,
actually, here, in this type of design. This is for a 2 (Refer Time: 80:47) 2% that means, if

you have 2 parameters, ok.
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How do we calculate this, what is the optimum distance for this? The generally, the
formula is square root of 2 is the optimum distance. So, if this is 1, then, this will be
1.414, because square root of 2 is 1.414. That is how you select, and then, you go beyond
that, actually, that is how you select, and so, we have 15 points, sorry, if we have a 2%
we have 4 points here. Central point is 5, and then, we have a, another 4 points. So, that
means, you have, how many experiments? 1, 2, 3, 4, 5, 6, 7, 8, 9 experiments, for a 2 by
2, at 3 level, it is nine experiments. So, if you have a 2 parameter, if | am doing a
factorial, 3 level, | can do 8#which is 9 experiments, but you are doing only at 3 levels.
Whereas, here, we are doing, when | use a CCD, central composite design, 1 am looking
at each variable at 5 levels; 1 level, 2 level, 3 level, 4 level, sorry, 3 level, 4 level, 5 level;
each variable is being looked at, at 5 level. So, a CCD for 2 factor, the number of
experiments is same as a number of experiments for a factorial design of 82. But, each
variable in CCD you are looking at 5 levels. Whereas, each variable in full factorial 82,
you are looking at only 2 levels, sorry, 3 levels. So, that is the difference. So, CCD will
be much better than your B®¥type of designs. So, we will continue more about these

second order designs in the next class.

Thank you very much.






