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My inspiration came from an interest in the perception of sound, coupled with a trip to Burlington to see a show at which I was fascinated by the diffusers on the ceiling. My uneducated presumption was that acoustically, sound quality would increase if sound waves were concentrated in one area, and after pondering the diffusers for a while, realized I must be wrong. I felt the only responsible course of action would be to do my project on architectural acoustics. With high hopes and an affinity for architecture, I hoped to be able to design a venue based off what I imagined to be several fairly simple rules for good acoustic design. I was wrong. Controversial and theoretical, architectural acoustics is very complicated subject, making my aspirations quite out of reach. I settled for an in-depth research project into how architectural acoustics work, on a large and small scale.

Architectural acoustics is defined as the science of controlling sound in a space, from grand concert halls to one’s living room. Having begun in opera halls and theatres of old, this science is used in modern musical venues, as well as workplaces, shared-wall condos, bars, etc. 

Sound waves travel in the same physical manner as light rays: the angle of incidence equals the angle of reflection. Sound waves also are emitted from a source in all directions, unless otherwise guided. To attempt to design a room based off of the physics of millions of ‘rays’ of sound would be impractical. The calculations would be dreadfully long, and would have to be unique in each room for its particular set up, unless some sort of standard was reached and every concert hall and living room was exactly the same. Every time a person changed position or an object in the room was moved, the calculations would change. This is not to say no physics are used in formulating the appropriate room set-up and dimensions, but to base these off physics alone is entirely impractical. Psychoacoustics are defined as “the psychological correlates of the physical parameters of acoustics,” or more simply as the study of the human perception of sound. The main goal of psychoacoustics in architectural acoustics is to find what makes noise from a source sound “good” or “bad,” whether that sound be spoken word, music, or something else. While the sound waves themselves may be purely mechanical energy, the human ear transforms this into an action potential across a neural membrane. It is therefore only indirectly that our perception of sound comes from the mechanical waves, and makes psychoacoustics necessary. 

Walter Sabine is commonly known as the father of modern architectural acoustics. He began his study in assembly halls, and published his first work on reverberation in 1900. Sabine defined the fundamentals of acoustics in terms of loudness, wave interactions, and extraneous sound. Loudness involves the source of sound and distance of the receiver from the source. Wave interactions can either boost the level of sound (resonance) or cancel each other out (interference). The topic of extraneous sounds deals with extraneous reverberation and sound from outside the room. These three principles Sabine uses to discuss the topic of reverberation, what he considered and is still considered by many to be the most important aspect of architectural acoustics

 
Reverberation is defined as the persistence of sound in a space after the original source has been removed. Reverberation is dealt with in terms of reverb time, or Tr the time it takes for sound to drop to an inaudible level (usually 60dB). The more sound that is reflected, the longer the reverb time. Thus by changing the surfaces in a space, adding or removing soft, absorbent material, adjustments to reverb time can be made. Reverberation depends largely on the reflectivity of the surfaces in a space, as well as factors such as room size, shape, etc. Hard surfaces such as concrete or hard floors reflect almost the entire original wave, while carpeted floors and padded surfaces absorb much more of the sounds intensity. Different frequencies are absorbed differently as well. Bass traps are one example of a solution to different frequency absorption levels, and are used to help accelerate bass-range absorption.

Reverberation is increasingly important the larger a space gets. The reverb time in a room determines whether a sound is full bodied or empty, clear or muddy. In small home theatres or other relatively small space, reverb time is a fraction of a second, and issues of early reflections and reverb time become less important due to the brevity of them. In larger rooms such as concert halls or lecture halls, reverb time plays a more prominent role, as reflections of sound waves take longer to travel around the room. Whether a room is intended for spoken word or music is important in determining the ideal reverb time. For spoken word, depending on the size of the room, a reverb time of ½ to 1½ seconds is best. If reverb time extends longer than this, individual syllables will become blurry and difficult to understand. For music, a reverb time of 1½ to 2½ , making the music more bodied. If the reverb time is too short, the music will sound dead and unnaturally staccato. If the reverberation time is ever above 2½ seconds, musical sounds will become blurred together and sound poor. 

A system was created to make adjusting reverb time more straightforward by creating the arbitrary unit the Sabin, in honor of Walter Sabine. One square meter of perfectly absorbent material (an open window) has the value of one metric Sabin. The equation for calculating sabins in a room is A=S1α1+S2α2+...+Snαn=ΣSiαi, where A = absorbence of the room, Sn equals the surface area of some object or material in the room, and αn ​​is the absorbance coefficient of the material. Absorbance coefficients measure the amount of sound reflected off a surface, and when all the surfaces and their absorption coefficients in a room are used in calculations, a total number of sabins in the room is determined. Using this system, a specific number of sabins can be added or removed from a space, allowing much more precise adjustments to reverberation time. Due to the fact that different frequencies are absorbed differently, each material has a standard absorbance coefficient calculated at 500Hz, but for those really trying to evenly distribute all frequencies, absorbance coefficients are calculated at 125, 250, 500, 1000, 2000, and 4000Hz. 
Early reflections, briefly mentioned previously, have to do with how humans perceive sound. The brain is programmed to understand all noise in a 30-40 millisecond period after the original sound as part of the original sound, everything after that is processed as a separate sound. This means that while reverberation may be a good thing overall, the first 30-40 milliseconds of revert can “confuse” a sound, making it hard less sharp than it should. Early reflections also tend to cluster together after the first few reflections, due to the usual rectangular shape of rooms. To solve this problem, carefully placed absorbers can be placed, as well as diffusers around the room. In a small home theatre, absorbers should be placed halfway between the source and where a person would sit, as to diminish the intensity of the primary reflection. Diffusers are more general, and are placed all around to aid in the rapid spreading of sound waves, as clustered sound waves will lead to substandard listening conditions. 
Oscar Bonello developed another theory for controlling acoustics in a space based of the modes of a room. Modes of a room are similar to modes of a pipe or string, except that they can go off all surfaces of a room: floor, ceiling, walls, corners, etc. Due to the three dimensionality of a room, modes of a room are labeled similarly to an x,y,z axis, the first mode being with 1,0,0. There are three types of modes in a room: axial, tangential, and oblique. Axial modes are made up of two waves going in opposite directions, traveling parallel to one axis, and striking only two walls. Axial modes make the most prominent contribution to the acoustical characteristics of a space. Tangential modes involve four waves and four walls, in which the waves travel parallel to two walls. These modes are less prominent than the axial modes, but still significantly contribute to the overall sound. Oblique modes involve eight waves reflecting off all six walls, and are the weakest of the types of modes.
Modes of a room are unique to the room’s particular dimensions, and are calculated by the equation:
Frequency = c  √p2 + q2  +r2
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Where c = speed of sound, 1,130 ft/sec

L,W,H = room length, width, and height, ft.

p,q,r = integers 0, 1,2,3 . . ., etc.
A visual depiction of the pressure distribution of the first mode in a rectangular room will help demonstrate the idea of modes in a room, which is incredibly difficult to describe in words alone.

When a mode has two zeros in it, e.g. 0,0,1, only two surfaces are involved. In a standard rectangular room, modes involving less surfaces are corresponded to lower frequencies, whereas modes involving complex relations amongst all the surfaces may be something such as 1,3,4. Bonello divided the first 48 modes into 1/3 octave bands, based on how the ear perceives frequencies. He analyzed by computer that for the sound to be complete and the bass to not override the higher frequencies, the first 48 modes of the room, or those up to mode 1,1,3 (approximately 220Hz) should increase in intensity. The calculations to attain this setup are difficult, and therefore are rarely applied to home theatres and private venues. Controlling the modes of a room is a much more recent science than those based of sabins, and involves complicated computer calculations.
Architectural acoustics is more theoretical than I ever imagined, and is still hotly debated today. Sabine’s principles from over a century ago are still a commonly used today, and he designed one of the best acoustic spaces in the world: Symphony Hall. Modern technology has allowed acoustics to progress beyond someone putting their head out of a box and listening to reverberation. Computers and digital analysis allow us to understand how sound reacts in a room with more profundity, from calculating the modes of a room to exactly where and how strong reflections are. The notion that I could personally learn everything about the subject and design a new concert venue in a few short weeks was overly zealous. The topic of architectural acoustics will most likely remain a contentious issue for years to come, and the exact science of perfecting a room will probably never happen. There is no perfect in architectural acoustics, only the scale from wonderful to awful.
