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Perhaps, you are thinking of Einstein’s theory of relativity when you are reading the title of this article. However, what you are about to learn is nothing to do with the space-time traveling as in the episodes of Star Trek but related to the common phenomena of life. So, what exactly is the 4th dimensional of life meant? Before we give an answer to this question, let’s take a look at how we can measure the dimension of an object.

Scaling and Dimension
It is known that some physical properties of an object will vary with the physical size of the object. For example, the weight of sphere will increase with its radius. However, have you ever thought about that these variations are related to the spatial dimension of the object? A common example to illustrate this point is the relation between the radius (R) of a sphere and its mass (M). If the sphere is made of a material with density , from our text book, we know that:
M = 4/R3  or  M ~ R3 or R ~ M1/3 (1)

This formula says that: the mass of the sphere is proportional to the third power of its radius. If we do not know how to derive the above relation, we can easily check the third power dependence with experiments. The importance of the above relation lies in the numerical value 3 of the R3. It says that the sphere is a 3 dimensional object. Therefore, our world must be at least 3 dimensional. For a man living in 2 dimensions (2D), a “sphere” is a circular disk. If this 2D man has no formula in his text book to tell him about the relation between the mass of the disk and the radius of the disk, he can also determine by experiments that the mass of the disk is proportional the second power of the radius of the disk (R2). Therefore, a 2D main can deduce that the disk is a 2D object by the numerical value 2 in R2. Relations similar to the above formula are common among different physical quantities of an object or system. They are called scaling relations. As you might have suspected, the most important quantity in a scaling relation is the exponent which is called the scaling exponent. It tells us how properties of the system change with the size of the systems. Of course, it is related to the physical dimension of the system as we have seen in the above example. Since we are living in a three dimensional world, exponents similar to those mentioned above with values such as  (+-)3n or (+-)m/3 often appear in physics with n and m being integers.
Important Characteristics of Biological Systems
After we have learned how to measure the physical dimension of a physical system by using scaling relation, we might want to know if such methods can be applied to other non-physical systems such as living systems.  Also, if the scaling method works, what does the dimension mean? In the above example, we have chosen the weight or mass of the sphere as the scaling properties because we know that they are closely related to the size of the system. We cannot choose other quantities such as temperature, color or density of the sphere as scaling properties because these quantities are not related to the size of the system. For biological systems, what are the important system characteristics which will vary with the system size? There are no unique answers to the last question because there are many characteristics of a biological system which can vary with the system sizes. For example, the amount of food in-take, the speed of movement and even the life-span of animals can all be size dependent.  However, in general, all living systems need metabolism. All of these quantities are closely related to the metabolic rate of the systems. Thus, metabolic rate is perhaps a good quantity to be used in a scaling method to measure the dimension of a living system. 
Are the heart beats of a mouse and an elephant related ?
Now, let us learn how to measure the dimension of biological systems from the rate of heart beats (an indicator of metabolism) of animals. For example: the rate of heart beat of a mouse is about 400~500 beats per minute and those of chicken, dog, human and elephant are 200, 100, 70 and 30 beats per minute respectively. It seems that the larger the animals are the slower are their rates of heart beat. This relation can be illustrated in graphical form as shown in Figure 1 where the beat rate (f) is plotted as a function of the body weight of the animals. From the log-log form of Figure 1, we have:

Rate of heart beat : f ~ Wb  (2)

The straight line in Figure 1 is the plot of relation (2) with b = -0.25. One has to be careful about the meaning of the data shown in Figure 1 as the nature of the data are differently from those commonly used in physics. For example, the data in Figure 1 are collected from the Internet /1/ where the rate of heart beat and weight of a human are taken as 70 times per minute and 70 Kg respectively. However, it is known that both the heart beats and body weight are not fixed. The 70 times per minute and 70 Kg are just the statistical averages taken from a sample of healthy people. Of course, different statistics will give different results. However, it is found that these data can always be expressed by a relation similar to (2) but with different values of b; such as -0.27 or -0.23. In general the values of b from different statistics are similar to the result of Figure 1; not far from -0.25.
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Figure 1
Data in Figure 1 come from different animals. Since they are not directly related, it is quite amazing to find a relation such as (2) even it is statistical in nature. Either there are similar mechanisms in the controlling of heart beat among these animals or a more fundamental reason is behind the observation in Figure 1. Similar relations have also been observed and reported in plants. For example, it is known that the distribution density of plants is related to the mass of the plants. Other common examples are the rate of food intake in animals and the rate of fluid transport in plants. These quantities are all related the mass of the systems in form of a power-law similar to (2). If life phenomena can be directly explained in terms of physical laws, b must be related to (+-)3n or (+-)m/3 as one might expect. However, a large number of measurements has suggested that b is closer to (+-)4n or (+-)m/4. That is: b is related to 4 not to 3 but there are also some exceptions. The relation between the important characteristics of the system and the system size is usually referred to as allometric scaling.
The 4th Dimension of Life
Since statistical error in biological experiments are far larger that those found in physics experiments, you might wonder how do we know for sure that the exponent b is related to 4? Currently, we do not have a fundamental answer to this question. However, a model based on the transport of fluid in a plant proposed by Prof. West has demonstrated that the number 4 comes from a relation: b = (D+1) = 4 where D = 3 is the dimension of our physical world. The basic assumption of this model is that living systems are optimizing their metabolic rate of the systems by efficient transports of fluid (nutrition) to all parts of the systems. To achieve this goal, a transport system with unique geometry is developed by biological systems. For example, both our blood circulation system and the fluid transport system in plants are made of branching tubes interconnected from large to small scales; distributed throughout the body as shown in Figure 2.
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Figure 2
The geometric shapes shown in Figure 2 are called fractal which stresses that the dimension of the system is not an integer but a fractional number. An important characteristic of the fractal structure shown in Figure 2 is that it is self-similar. If we magnify a small part of the structure shown in Figure 2, we will find similar structure as the original structure in the magnified part. That is to say: the same structure is repeated on different length scales. In Chinese folklores, there is also a self-similar story as:” A long time ago, there was a mountain far away. An old monk and his disciple were living in a temple in the mountain. The old monk was telling a story to the young monk as:” A long time ago, there was a mountain far away. An old monk and his disciple were living in a temple of the mountain. The old monk was telling a story to the young monk as:” A long time ago, …””. This story is self-repeating.
Since Prof. West’s model can be used to explain successfully the value of 4 and some other related problems, he believes that life endows a new and unique dimension to living systems which change from D = 3 of non-living systems to D = 4 for living systems and called it the 4th dimension of life. Because of that, he also calls for experimental investigation of quasi-2D biological systems to see if D = 3 can be found. 
Are these living machines？

If the D = 4 of living systems originates from the optimization of design, is this unique to biological systems only? Can we observe D = 4 in other non-living systems? Prof. West gives a negative answer. He takes the simple example of an engine of a car to explain his idea. Obviously D = 4 cannot be observed in an engine which means: if we plot the “metabolic” rate of the engine such as rotations per minute, fuel consumption or output power as a function of the weight of the engine, we will not get a result similar to (2). This conclusion is reasonable because even the most optimized engine must still obey the law of physics. Its “physiological” parameters are only design parameters of the engineers. There are no reasons why they should behave as predicted by (2). Obviously, when compared to biological systems, an engine is far too simple. Also, different parts of a biological system are believed to evolve to their present forms not by design. 
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Figure 3
A more realistic example of artificial structures is an airplane. It is probably the most complex artificial system created by man. Although an airplane is also designed by engineers using physical laws, the complexity of the structure of an airplane is far higher than that of an engine and could not have been designed by only a few engineers. Currently, an airplane is consisted of many complex but independent systems. A Boeing 777 requires more than 1000 computers and 150,000 modules interconnected to coordinate its flight. Obviously, the design of such a plane is not started from scratch from a few engineers. Similar to evolution in biology, the design and building of such a plane is through numerous improvements over a long time; starting from a very simple plane. During this evolution process, different parts of the plane will “interact” to improve the overall performance of the plane. In this aspect, we can regard the plane as a more or less living entity. We can also compare the performance of an airplane to those of flying animals. Figure 3 is the result of such a comparison. It can be seen that the cruising speed of a flying system including the Boeing 777 is related its weight similar to (2). With this last result, one can really think of an airplane as a living machine! Data in Figure 3 come from a very interesting book /3/ which discusses many aspects of flying in simple terms.
Can physics explain the phenomena of life?
From the above example, we can see that even for non-living system, if it is complex enough so that different parts are evolving with interactions to improve the performance of the system, it is possible that the system will show behaviors similar to those find in (2). The picture emerges is that an originally relatively simple physical system can evolve into a structure with complexity and characteristics similar to those of living system by optimization interactions. We will then tempt to ask: will we understand the origin of life by studying these artificial complex systems? Also, since all these systems are built on physical laws, can the phenomena of life be understood just by physics alone? Of course, there are still no clear answers to these very fundamental questions.
Finally, it must be pointed out that these “improve and evolve” process in artificial systems are not the physical laws that we know of. They are not intrinsic to the systems but are added artificially by human in the quest for better performance. Currently, there is a new discipline in physics called the artificial life (AL). Many people working in the area of AL believe that laws of physics alone will explain all the phenomena of life. They are working hard to find a spontaneous mechanism for the “improve and evolve” process. If this goal can be achieved, we might be not far from the answer to the question of the origin of life. 
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Related Topics in the Syllabus:

Extensions (from the syllabus):

Warm-up discussion:
1. What is “3-dimension”?

2. Try to measure your heartbeats, and make a statistic throughout the class.

3. What are the heartbeat rates of mouse, chicken, dog and elephant?
Points for further discussion:

1. What is the importance of “scaling exponent” in the scaling relation?

Ans: It tells us how properties of the system change with the size of the systems.
2. From the article, what quantity can be used in a scaling method to measure the dimension of a living system?

Ans: Metabolic rate

3. From the article, what is the assumption of Prof. West’s model?

Ans: The assumption of this model is that living systems are optimizing their metabolic rate of the systems by efficient transports of fluid (nutrition) to all parts of the systems.
4. Why D = 4 cannot be observed in an engine? What are the reasons behind?

Ans: When compared to biological systems, an engine is far too simple. Also, different parts of a biological system are believed to evolve to their present forms not by design.
5. Why an airplane is a more realistic example of artificial structures?
Ans: An airplane is the most complex artificial system created by man. The complexity of the structure of an airplane is far higher than that of an engine and could not have been designed by only a few engineers. Currently, an airplane is consisted of many complex but independent systems. A Boeing 777 requires more than 1000 computers and 150,000 modules interconnected to coordinate its flight. Obviously, the design of such a plane is not started from scratch from a few engineers. Similar to evolution in biology, the design and building of such a plane is through numerous improvements over a long time; starting from a very simple plane. During this evolution process, different parts of the plane will “interact” to improve the overall performance of the plane. In this aspect, we can regard the plane as a more or less living entity.

Activities:

1. According to Prof. West’s model, what is the “dimension” of living system? Discuss the reasons why it is not 3-D.

Ans: 4；(free discussion)
2. What is “fractal”? What is the relationship between fractal and biology?

Related web sites:

1. Life's Added Dimensions
After 50 years of virtually no progress, researchers are finally getting to the bottom of biological scaling.

http://www.sciam.com/article.cfm?articleID=000381E9-208F-1C75-9B81809EC588EF21&catID=4
2. Fractals are used to simulate the growth of life by computer.(Chinese version only)

This site introduces the relationship between fractals and living organism.

http://www.nchc.gov.tw/chinese/07_publication/nchcs/Other/V4N4/p29-p36.html
3. Fractal (Chinese version only)
This site contains a lot of hyperlinks about fractal.

http://www.math.ncu.edu.tw/resource/computer/fractals.htm
4. The Equivocal Success of the Wright Brothers
http://www.sciam.com/article.cfm?chanID=sa006&articleID=000E2A9A-2E05-1FA8-AE0583414B7F0000
5. Science Monthly---History of Flight(Chinese version only)

http://www.scimonth.com.tw/article.php?arid=616
Further readings:
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