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AXIOMATIC DESIGN

Generalised parameter space x

(Design parameters, DP)

Functional space y

(Functional requirements, FR)



AXIOMATIC DESIGN
In Axiomatic Design, AD, was introduce by Nam P Suh. It has been used in a wide range of 
applications and in different ways. 

A central concept in Axiomatic design is the design matrix that represents the relationship 
between the design parameters, 𝒙𝑫 and the functional requirements  𝒇𝑹. The relationship can 
be written as:

Example:

𝑓𝑅 = 𝐴 × 𝑥𝐷
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AXIOMATIC DESIGN

Developed by Namh P. Suh, MIT.:

Axioms are truths that cannot be derived but for which there are no 
counter examples.

Scientific theory should be based on axioms.



AXIOMATIC DESIGN: TWO (2) AXIOMS

First axiom: The independence axiom

Second axiom: The information axiom

 The design with the least information is the best.
(The most robust solution is the best)



THE INDEPENDENCE AXIOM

Uncoupled design

Coupled design
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EXAMPLE: AIRPLANE (FIXED WING)

lift 0 wing

thrust 0 propulsion
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Uncoupled design



EXAMPLE: ORNITHOPTER (AND HELICOPTER)

lift wing

thrust propulsion
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Coupled design



SENSITIVITY ANALYSIS

Linearization around a design point:

𝐲𝟎 + 𝛥𝐲𝟎 = 𝛥𝐱𝑲 + 𝐟(𝐱𝟎)

where 𝑲 is the Jacobian, where the elements are defined as:

𝑘𝑖𝑗 =
𝜕𝑦𝑖
𝜕𝑥𝑗

This is hence an analytical representation of the design matrix A.

Normalized sensitivities (non-dimensional):
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𝜕𝑦𝑖
𝜕𝑥𝑗



SENSITIVITY ANALYSIS
EXAMPLE: ELECTRIC MOTORCYCLE

Functional requirements 

𝑅 (at constant speed 70 km/h) and acceleration time, 𝑡𝑎(0-70km/h) 

design parameters 

battery size, 𝑚𝑏, and engine power, 𝑃𝑚.



SENSITIVITY ANALYSIS
ELECTRIC MOTORCYCLE RANGE

The range can be under some assumptions (only air resistance and 
constant speed) calculated as:

𝑅 =
2𝑘𝑏𝑚𝑏𝜂

𝐶𝑑𝐴0𝜌𝑣
2

Here:

 𝑘𝑏 is the battery energy density,

 𝑚𝑏 is the mass of the battery.

 𝜂 is the combined efficiency of battery and motor.

 𝐶𝑑 is the aerodynamic drag coefficient.

 𝐴0 is the frontal area and v being the vehicle speed. 



SENSITIVITY ANALYSIS: ELECTRIC 
MOTORCYCLE
The acceleration time can be calculated as (assuming no air and rolling resistance, 
and constant power independent of speed)

𝑡𝑎 =
𝑚𝑣2

2𝑃𝜂𝑎
 Where the total weight is: 𝑚 = 𝑚0 +𝑚𝑏. 

The design relation matrix is obtained from:

𝑅
𝑡𝑎

= 𝐾 ×
𝑚𝑏

𝑃𝑚



SENSITIVITY ANALYSIS: ELECTRIC 
MOTORCYCLE
The normalized sensitivity matrix 𝐾0 can be calculated as:

𝐾0 =
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NORMALIZED AIRCRAFT 
DESIGN SENSITIVITY



INFLUENCE OF UNCERTAINTY

d uΔy = AΔx +BΔx
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DESIGN INFORMATION ENTROPY

The second axiom in axiomatic design is regarding the minimization of information. 

Information theory as introduced by Shannon [9], provides a framework for 
quantitatively describe information content in general. For the case of continuous 
variables, it can be written

𝐻𝑐 = − න

−∞

∞

𝑝(𝑥)log2(𝑝(𝑥)) 𝑑𝑥

This gives a measure of the average information content of a variable x. Here p(x) is 
the probability density function. 



DESIGN INFORMATION ENTROPY
One problem with this expression is that it does not make sense unless x is non-
dimensional, since the probability density function has the unit of the inverse of x.

Introducing the Kullback-Leibler divergence
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DESIGN INFORMATION ENTROPY
A rectangular distribution of m(x) in the bounded interval 𝑥 ∈ 𝑥𝑚𝑖𝑛, 𝑥max , with 𝑥𝑅 =
𝑥𝑚𝑎𝑥 − 𝑥min would mean that the distribution of the design space is a space of equal 
possibilities. For the rectangular probability distributions this can simply be written as:

𝐼𝑥 = log2
𝑆1
𝑆2

where 𝑆1 could be the design space and 𝑆2 e.g. the region of the design space that fulfills 
the requirement range.



DESIGN INFORMATION ENTROPY
WASTED DESIGN SPACE

Hence, the amount of information needed to define a design relative to a design space can 
be calculated. According to this the part of the design range 𝑆𝑥 that falls outside of 𝑆𝑐 is 
here called 𝑆𝑤.

𝑆𝑐

𝑆𝑥

𝑆𝑤



FUNCTIONAL CORRELATION

The normalized sensitivity matrix 𝐾0 can be calculated as:

𝛥𝑅/𝑅
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FUNCTIONAL CORRELATION
A measure of the angle between two vectors

The elements of the correlation matrix are calculated as.

𝑐𝑖𝑘 =

1
𝑛
σ𝑗=1
𝑛 𝑘𝑖𝑗

0 𝑘𝑘𝑗
0

𝑠𝑖𝑠𝑘

Where

𝑠𝑖 =
1

𝑛
෍

𝑗=1

𝑛

𝑘𝑖𝑗
0 2

With 𝑚𝑏 = 𝑚0/4 the correlation matrix for the electric 
motorcycle becomes:

𝑪 = ቆ
1

0.196
ቁ

0.196
1

C=1

C=0

C=-1

C=0.8



AIRCRAFT FUNCTIONAL CORRELATIONS
(ADJUSTED)



SYSTEM DETERMINANT
In Shannon 1948 the information channel it is described in the same way as the design relation, that 
is:

𝑦 = 𝐴 × 𝑥

The total information in y can then according to Shannon be calculated as:

𝐻𝑦 = − log2 det 𝐴 + 𝐻𝑥

Assuming a rectangular probability distribution and normalized design variables as inputs. This can 
be written as:

𝐼𝑦 = det 𝐴0 + 𝐼𝑥

or

𝐼𝑦 = 𝐼𝐴 + 𝐼𝑥



SYSTEM DETERMINANT UNDER 
ROTATION

Consider the following system matrix:

𝐀𝟎 = ቀ
1
0

ቁ
0
1

The determinant: det 𝑨𝟎 = 1

The correlation matrix is:

𝐂 = ቀ
1
0

ቁ
0
1



SYSTEM DETERMINANT UNDER 
ROTATION

If the system matrix is rotated 45deg (𝜋/4) it becomes

𝐀𝟎 = ቆ
1/√2

1/√2
ቇ

−1/√2

1/√2

This is a fully coupled system. However, the determinant 

is still: det 𝑨𝟎 = 1

The correlation matrix is also invariant, and is for both cases:

𝐂 = ቀ
1
0

ቁ
0
1



SYSTEM DETERMINANT: ALTERNATIVE 
EXEMPEL 
(CHANGING SIGN OF A0,12)

𝐀𝟎 = ቆ
1/ 2

1/ 2 − ϵ
ቇ

1/ 2 − ϵ

1/ 2

If ϵ = 0 the system determinant 𝐝𝐞𝐭 𝑨𝟎 = 0.

With ϵ = 0.1 the system determinant is 𝐝𝐞𝐭 𝑨𝟎 = 0.131

𝐂 = ቀ
1

0.988
ቁ

0.988
1

The size of the projection in the functional space

𝑆𝐹𝑥 = det 𝐴 𝑆𝑥



DESIGNSPACE FOR ALTERNATIVE 
EXAMPLE

Left: Projection in functional space of a design space of unit dimensions of a coupled design 
with high correlation. Right: Design space is increased to include the whole requirement range 
(of unit dimensions).



CONCLUSIONS

An uncoupled system the correlation matrix only has zero off-diagonal elements. 
However, there are also coupled systems that could be made uncoupled by rotating 
the coordinate system for the design parameters. 

In this paper the functional correlation matrix and the system determinant of the 
design matrix has been shown to provide a deeper insights about the coupling of a 
system. 

Furthermore, it is shown that using information theory there is a strong relationship 
between the two axioms in axiomatic design. I.e. an uncoupled system will have a low 
amount of wasted design space and require less design information compared to 
coupled ones. I.e. the shape of the requirement range does not fit to the design 
space.



DISCUSSION

A foundation for the argument of decoupling is that the functional characteristics are 
uncorrelated. 

However, in design there are certainly a great deal of correlation between functional 
requirements. 

E.g. in a product family there might be several product variants of different sizes, 
each with their functional characteristics that are more or less correlated to the size. 

E.g. transport aircraft that are designed for a high passenger capacity also tend to 
be designed for a long range, indicating a correlation between these requirements.


