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aBSTracT
Shapes with length/height ratios (l/h) close to 3/2 are everywhere and give the impression that they are being 
‘designed’ to match the golden ratio (φ = 1.618). here I show that these shapes emerge as part of an evolution-
ary phenomenon that facilitates the flow of information from the plane to the brain, in accordance with the 
constructal law of generation and evolution of design in nature. The time required by the eyes to scan a rect-
angular area l × h is minimal when the shape is l/h = Vl/Vh, where Vl and Vh are the horizontal and vertical 
scanning speeds. This special shape is such that the time for scanning long and fast (l/Vl) is the same as the 
time for short and slow (h/Vh). I also show that Vl/Vh is approximately 3/2 and that consequently l/h ~ 3/2. 
This natural evolutionary design is an integral part of the universal constructal design that facilitates the flow of 
the biosphere, hydrosphere and atmosphere on earth. Vision, cognition and locomotion are features of a single 
design for movement of animal mass with easier and easier access in time, all over the globe.
Keywords: big history, cognition, constructal law, golden mean, golden number, golden ratio, locomotion, vision.

ImagES ThaT BrEaThE aND FlOW1 
I am used to making my drawings to look almost square, a little wider than tall. The first thought is that 
this comes naturally because of my training. at age 10, in art school my drawing paper and the canvas 
were that way, a rectangular surface with the horizontal dimension ‘l’ larger than the vertical dimension 
‘h’ (Fig. 1, left). Ten years later, in engineering school, the drawing board was oriented the same way.

While writing books, I received the same advice from the artists at John Wiley & Sons. Tall figures 
clash with the horizontal text, and this clash makes both unattractive. looking back, I see the l ≥ h 
everywhere. It is in the shapes of the figures on the page, and in the shapes of the paragraphs – the 
blocks of text that we tend to read at a glance because we lack time. They all look like the cinema 
screens (Fig. 1, right). The text ‘breathes’ when its paragraphs are not too long, i.e. not too tall. a 
frequent editorial advice to an aspiring author is ‘use shorter paragraphs’.

These lessons are not new. It has been known for a very long time that certain shapes ‘breathe’ and 
‘flow’ better than most other shapes. Shapes mean proportions, such as the ratio l/h ~ 3/2 shown in the 
rectangles of Fig. 1 and Table 1. When we go to the stadium we prefer to sit on the side, not on the end. 
This ‘flow quality’ of the drawing is undeniably linked to the beauty and usefulness that we detect in 
the image.

ThE gOlDEN raTIO PhENOmENON2 
The connection between proportions and good looks has generated a lot of discussion in science 
because of an accidental occurrence: the shapes that we see in the design of books, paintings and 
edifices are approximated by a rectangle shaped such that its l/h is equal to the ‘golden ratio’ φ = 
(1 + 51/2)/2 = 1.618. The φ number is the result of dividing a segment into two segments (l + h) such 
that (l + h)/l = l/h. The fact that generation after generation our own drawings appear to favor 
proportions that resemble the golden ratio has fueled an entire literature and mysticism [1]. This 
activity is further energized by the fact that the golden ratio φ has not been deduced from a physics 
principle.
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Table 1: common designs of rectangular images that resemble but do not equal the golden ratio.

Image l × h l/h

35 mm film 36 × 24 mm2 1.50

computer display 1024 × 768 mm2 1.33

canon 5D 4368 × 2912 mm2 1.50

canon S3 IS 2816 × 2112 mm2 1.33

Printing paper 8.5 × 11 in2 1.29

hDTV 16 × 9 in2 1.80

Photographs 6 × 4 in2

7 × 5 in2

10 × 8 in2

1.50
1.40
1.25

Figure 1: rectangular areas shaped approximately as l/h ~ 3/2. The right side shows a layout that 
breathes and flows – text with graphics and math on a book page.

The race to derive Euclid’s φ value from principle is justified, but misdirected. It is justified 
because the proportions that resemble φ occur around us in very large numbers. This means that the 
emergence of designs with φ-like proportions is a natural phenomenon. a natural phenomenon 
obeys the laws of nature, i.e. the laws of physics. Faced with an unexplained phenomenon, the 
 scientist strives to explain the phenomenon based on known principles.

The race ‘to discover φ’ is misdirected because the physics phenomenon is not φ itself. No one has 
found and measured φ on an object in nature (φ is not like π, which is measurable by dividing the 
measured circumference by the measured diameter). The physics phenomenon is the emergence of 
shapes that resemble φ.
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cONSTrucTal FlOW cONFIguraTIONS: VISION aND cOgNITION3 
here is how to predict the physics phenomenon. The physics principle is the constructal law of gen-
eration of flow configuration in nature [2, 3]. The key question is: Why do the shapes with l/h ~ 3/2 
appear to ‘breathe’ and ‘flow’? What flows when we look at a page with text, math and art? Informa-
tion flows, as images, from the page to the brain.

according to the constructal law, ‘for a finite-size flow system to persist in time (to live) it must 
evolve in time such that it provides easier access to the currents that flow through it’ [2–4]. The sys-
tem that flows from the plane (the page) to the brain during reading (and from the brain to  
the page during writing and painting) has been morphing in the constructal-law direction naturally. 
The evidence in support of this principle is massive. The architecture of the brain consists of bundles 
and bundles of constantly forming and adjusting tree-shaped flows. The reason is that tree-shaped 
architectures provide easier and easier point-volume and point-area access [4–8]. This also holds for 
the connection between each elemental volume of the brain and the rest of the brain volume, and vice 
versa [9]. The visual sensors and nerves in the retina are configured in the same way, as dendrites, in 
order to provide greater access between one surface (the retina) and one point (the optic nerve).

The external architecture of this flow system has also been morphing in the constructal-law direc-
tion of flow configuration generation in time, toward easier flowing. here again the evidence is 
massive. The evolution of writing, toward simplicity and universality (one alphabet), is one pheno-
menon of design generation [10]. The evolution of languages, and the emergence of English as a 
global language, is another example. The evolution of book design, library design, currency design, 
photography, eyeglasses, dashboard and computer screen design (Table 1) is the same phenomenon 
of facilitating the flow of information between the page and the brain.

ThE cONSTrucTal ShaPE OF ThE ScaNNED ImagE4 
consider now the area h × l shown in Fig. 1 (left). The shape of the image is part of the architecture 
of the information flow system, and it is free to change. The eye must scan the rectangular area  
h × l, and it must do it with the greatest ease, i.e. in the shortest time.

In the simplest description, to scan is to sweep the image completely, horizontally and vertically. 
The horizontal sweep covers the length l with the average speed Vl (averaged over several  saccades). 
The horizontal sweep time is tl = l/Vl. The vertical sweep covers the distance h with the averaged 
speed Vh and time th = h/Vh.

The total time required to scan the image is of order t = l/Vl + h/Vh. The area of the image is 
fixed (a = hl), but the shape of the image (l/h) is arbitrary. The total time is t = l/Vl + a/(lVh), 
and it is minimal when l = (aVl/Vh)1/2, which represents this rectangular shape:

 
=

Vl l
h Vh  

(1)

The first implication of this result is that the shape of the image matters to how the image is per-
ceived, understood and recorded. The second implication is that when the image is shaped according 
to eqn (1), the horizontal sweep takes just as long as the vertical sweep, 

 tl = th (2)

The partitioning of the scanning time equally into tl and th is a common design feature for flow 
access (e.g. it is found in the design of city traffic, river basins and lungs [11]). In the present case, 
if l ≥ h then Vl ≥ Vh, such that tl = th means that the time to scan long and fast must be the same 
as the time to scan short and slow.
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The third implication is that l/h must indeed be a number greater than 1 because the ratio Vl/Vh 
is expectedly greater than 1, as we will see below. We scan things easier on the horizontal than on 
the vertical. The reader can verify this by performing the following test: to scan horizontally is easy, 
while to scan vertically triggers the urge to tip the head.

The eye mechanics literature [12–23] contains information on horizontal eye movement (Vl), but 
not on vertical movement (Vh). This record too is a consequence of the fact that our perceived world 
is roughly a horizontal tableau. Our supply of images reflects the orientation of the landscape.  Danger 
comes to the animal from the sides and from behind, not from above, and not from below.

With organs for vision, the animal minimizes danger from ahead and from the sides. This is the 
link between vision and locomotion, and the fulcrum of the single design of animal movement on 
earth. We return to this observation in section 5.

like the l/h ratio of eqn (1), the positioning of our two eyes on a horizontal axis is a constructal-
law design feature. The horizontal orientation of the eye-eye axis (not the vertical, not the inclined) 
is the most facile for the flow of visual information from our horizontal environment to the brain.

The horizontal shape of our field of vision is approximated by the construction shown in Fig. 2. 
The length scale of the disc (r) is due to the distance between the eyes. The superposition of the two 
discs is the binocular area. If one eye sweeps one disc horizontally (length 2r, time tl) and vertically 
(length 2r, time th = tl), then, because of the superposition of the two discs, the horizontal length 
scanned by the two eyes is 3r. The horizontal and vertical speeds are Vl = 3r/tl and Vh = 2r/th, 
and because tl = th, the ratio of speeds is Vl/Vh = 3/2.

The binocular area can be approximated by superimposing on it a rectangle with the right shape and 
size. Two approximations are closely represented by the same rectangle in Fig. 2. The first is the rectangle 
that mimics the closest curvilinear contour of the binocular area: the sum of the areas formed between the 
rectangular and the curvilinear contours is minimal. The dimensions of this rectangle are l = 2.768 r and 
h = 1.876 r, and its shape is l/h = 1.475. If in addition to minimizing the total area of mismatch between 
the two shapes the rectangular area must be equal to the binocular area, the best rectangular shape is  
l = 2.724 r, h = 1.856 r and l/h = 1.468. This second shape is practically the same as the first.

Figure 2: The closest rectangular approximation of the binocular area has the shape l/h ~ 1.47.
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VISION, cOgNITION aND lOcOmOTION aS a SINglE DESIgN5 
In conclusion, humans scan the world on a two-dimensional screen approximated by a rectangle with 
the shape l/h ~ 3/2. We scan the long dimension faster than the vertical dimension, in such a way that 
to scan long and fast (l, Vl) takes the same time as to scan short and slow (h, Vh). This is the best 
flowing configuration for images from plane to brain, and it manifests itself frequently in human-made 
shapes that give the impression that they were ‘designed’ according to the golden ratio (Table 1).

The many occurrences of such shapes support the principle-based explanation advanced in this 
paper. Even more, the technological evolution process that governs the occurrence of these shapes on 
paper and on screens is driven by the same constructal law that generates the biological l/h ratio of 
the scanned image. For example, old computer and TV screens had aspect ratios close to 1.33 (as in 
Table 1), this as a first-cut design. however, as new technologies loosen the design restrictions, the 
screens morph toward wider shapes, with l/h values closer to 3/2. This is one example of technology 
evolution, and it is in line with the other examples of technology evolution detailed in ref. [8]: the 
cooling of high-density electronics and the emergence of distributed energy systems on earth.

The golden-ratio phenomenon and its constructal-law prediction illuminate the oneness of the 
integrative design of the movement of biological mass on earth. Shapes that resemble the golden 
ratio facilitate the scanning of images and their transmission through vision organs to the brain. The 
speeding up of this flow goes hand-in-hand with the dendritic architectures of the nervous system in 
the eye and the brain. Dendrites maximize the rate of point-volume flow of information inside finite 
volumes, and the rate at which new point-volume connections can occur naturally in the brain. The 
name of this constructal evolution of brain architecture, every minute and every moment, is cogni-
tion – the phenomenon of thinking, knowing and thinking again, better. ‘getting smarter’ is the 
constructal law in action.

Vision and cognition are one, and they are demanded by the constructal law applied at the scale 
of the earth. animal mass and water mass (in river basins) are flow systems with configurations and 
rhythms that facilitate the flow of mass on earth. From this physics application of the constructal law, 
we predicted all the scaling rules of animal locomotion [24, 25], and the evolution of speed limits in 
athletics [26]. For example, larger animals must have higher speeds calculated with formulas in 
which speeds are proportional to their body masses raised to the power 1/6, and body movement 
frequencies (stride, flapping, fishtailing) are in proportion to body masses raised to –1/6. These pre-
dictions agree with all the known speed-mass data for flyers, land animals and swimmers. This is 
summarized qualitatively in the back plane of Fig. 3. The actual clouds of speed-mass data are avail-
able in Figure 7 of ref. [24].

locomotion design is a manifestation of the constructal law, and it has been perfecting itself 
throughout the history of biological forms and flows systems on earth (i.e. throughout ‘big history’). 
This is why animal locomotion first emerged in the oceans, spread on land and later rose in the air, 
not the other way around.

The time direction of this evolution has been toward higher speeds, and it is shown qualitatively 
in Fig. 4, which is a detail of the side plane of Fig. 3. more movement and more mixing of the earth 
(upward in space) has always been aligned with time, more speed, and more space traveled per unit 
of animal mass and useful energy consumed.

The big jump in the perfecting of the animal locomotion design was the emergence of the organ 
for vision (the eye). This has made the flow of animal mass much more efficient, faster and enduring, 
because with vision and cognition the flow of animal mass designs for itself ceaselessly better chan-
nels to flow: straighter, safer, with fewer obstacles and predators. This step change in the animal 
locomotion design is known as the cambrian explosion (cca. 530 million years ago), and its time 
arrow is in complete accord with the constructal law, toward more space, speed and mixing of the 
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Figure 3: Space, speed, mass and time: The third dimension (mass) of the diversity in the flow of 
animal mass. at any point in time, the biosphere churns itself with a huge diversity of 
animate bodies organized according to a pattern. The larger bodies tend to have higher 
speeds, lower body frequencies and larger forces.

Figure 4: Space, speed and time: The evolution of the biosphere from prehistory to today. animal 
flow has been spreading vertically in space and toward higher speeds, longer ranges and 
better vision. This montage fits on the left plane of Fig. 3.



 Adrian Bejan, Int. J. of Design & Nature and Ecodynamics. Vol. 4, No. 2 (2009) 103

earth’s crust. The cambrian ‘explosion’ means all these things. The animal design with vision and 
cognition came after the animals without vision and cognition, not the other way around.

The punch line of the golden ratio story is unexpectedly much bigger than the golden-ratio predic-
tion itself. It is the oneness of vision, cognition and locomotion as the design of animal mass 
movement on earth. To this, the golden-ratio phenomenon makes an additional contribution by 
showing that pattern and diversity coexist as integral and necessary features of the evolutionary 
design of nature. We see pattern and diversity in the l/h examples compiled in Table 1 and in the 
bands of speed-mass data shown stylistically in the back plane of Fig. 3. We see pattern and diversity 
together in every grand design of nature, from the distribution of tree numbers and sizes in the forest 
[27] to the distribution of cities on a continent [28]. although much of the observed diversity is due 
to randomness, much of it is like a fog that is dissipated by the pattern of evolutionary design pre-
dicted with the constructal law (e.g. the Zipf distribution of trees and cities on land, and the 
speed-mass distribution of animals with locomotion – fliers, runners and swimmers).
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