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Introduction 
Phase distortion synthesis is a method of digital sound synthesis developed by Cassio in the 1980s for use on their CZ line of synthesizers. To concisely explain what phase distortion synthesis is first, we need to discuss how digital oscillators work.
[bookmark: _Int_XieE6Uol]Digital oscillators for our purposes have two main components a table of digital samples and a counter which is called a phasor. The phasor counts from negative 1 to positive 1, when the phasor is at –1 it will play the first sample in the sample table and when the phasor is at 1 it will play the last sample in the table. We can imagine this default state of the phasor as a linear slope. If we change the shape of the slope, we change the speed and order of how the samples in the table are played back creating new harmonic content. This is fundamentally how phase distortion works.
 In this paper, I want to make the case that phase distortion synthesis is an intuitive method for reliable and musical sound design possibilities.  It is my conjecture that this method of synthesis is a good candidate for a new and intuitive patching workflow not based around traditional subtractive synthesis or FM synthesis because of its visual nature. 
In “A guide to the design and evaluation of new user interfaces for the audio industry” by Dewey and Wakefield, one of the primary principals in the paper visual feedback. In comparison to other traditional methods of digital synthesis, phase distortion is uniquely suited to being explained via visual analogy. In many of the papers offer many good visual diagrams of what phase distortion does and I can image how I could translate these graphs to a UI based on those commonly found in wave shaper plugins or other plugins that have a u based around a transfer curve such as some compressors or clipping plugins. 

Literature review
[bookmark: _Int_8ra9n2Da][bookmark: _Int_WXcRCQzW]Before I start this literature review, I want to acknowledge that a huge amount of the academic literature on phase distortion synthesis comes from papers out of NUI Maynooth authored by Victor Lazzarini and Joseph Timoney in fact it was somewhat difficult to find academic papers on the topic not contributed to by them. This is acknowledged in “ADAPTIVE PHASE DISTORTION SYNTHESIS” by Timoney et.al.  in the introduction to this paper, they say “PD has not been extensively explored in the signal processing literature. However, it remains possibly an interesting method for many applications, including the design of Virtual Analogue (VA) oscillators”. This is almost as true now as it was when the paper was published in 2009. Phase distortion synthesis is noted for its analog Esque sound and its ability to emulate resonant filters in much of the literature as this was a key  feature of the Cassio cz line of synthesizers and this is a type of sound still verry desirable among contemporary musicians. 

[bookmark: _Int_21LeAQ85]Before I move on to discussing topics other than phase distortion directly the complete list of papers the involved pd directly are, “Phase and Amplitude Distortion Methods for Digital Synthesis of Classic Analogue Waveforms.” by Timoney et.al , “Adaptive phase distortion synthesis” by Lazzarini et.al 
[bookmark: _Int_kMDEWCmB]“Vector Phaseshaping Synthesis.” by Kleimola et.al and “Phaseshaping Oscillator Algorithms for Musical Sound Synthesis." by Kleimola et.al  Victor Lazzarini and Joseph Timoney are listed as authors on all of these papers additionally to these two Jari Kleimola is an author on two of these papers. 
[bookmark: _Int_8ePZkM7x]The specific way I plan to implement phase distortion is called phase shaping. This is an analogy to the amplitude distortion technique known as wave shaping. This is often used somewhat interchangeably with phase distortion in the literature. I will refer to my synthesis method as phase shaping because I am primarily drawing inspiration from wave shaper plugins that allow the user to draw their own distortion curves for my ui.
 In my methodology I discuss my use of the cabbage framework built on top of Csound in my research one major issue that I saw with Csound is that none of the stock phase distortion opcodes allowed for more than one inflection point in the phase distortion transfer function this massively limits the sound design possibilities available with the technique and is not a limitation found on the Cassio cz line, indeed the most notable feature of the Cassio cz line the resonant filter emulation relies on 4 inflection points in the transfer function.
According to an article on the website of synthesizer retailer Perfectcircuit the resonant filter emulation is one of the key desirable features of the Cassio cz line and of phase distortion in general another key feature of the Cassio cz line that I hope to replicate is the ability to combine different waveforms in series with the oscillator this is a unique design feature however is put of the scope of this project. 
 In addition to the elements of the synthesis engine another key aspect of the project is the UI elements for this I am heavily basing my work on “A guide to the design and evaluation of new user interfaces for the audio industry” by Christopher Dewey and P. Wakefield this paper lays out a good framework for evaluating good digital Ui elements in audio software, it lays out a three step process for designing good novel audio interfaces and how to test them 1 Identification of Users and Tasks, 2 Selection of Data Visualization Metaphor and Appropriate Interaction Styles and 3 Prototyping. 
When discussing stage 2 of the “Data Visualization Metaphor” section, I find it particularly notable for my project as there is a canonical way that distortion curves are represented visually. Usually, its null setting is a straight line going from the bottom left to the top right and then the user can either directly manipulate this curve or select from a number of presets to achieve the desired distortion effect. 
As I have discussed prior, I modeled my own phase distortion / phase shaping interface after this type of common interface that is found in many plugins, for example, the Ableton stock plugin “saturation” and Melda's mwaveshaper.
In many resources explaining phase distortion synthesis, the output wave shape is overlayed on the distortion curve. Once source for graphs to turn into ui elements is the visualization of the settings found in the manual for the euro-rack module, the “Warpcore” by infrasonic audio. In addition to providing resources for visual reference, the Warpcore manual gives patching ideas that could be expanded into other PD-based synthesis systems other than the warp core itself. 
Another useful incite provided by Dewey and Wakefield is the methodology they lay out in the paper for user testing this is based off of The International Standard of Usability, ISO 9241-11 and a number of case studies from this the elements they deem most useful for audio software user interface design are:

“• Traditional interfaces should be evaluated 
alongside novel interfaces to provide a 
benchmark 
• Usability tests should include a pre-test 
questionnaire to ensure the test subjects 
selected meet the requirements of the selected 
user group skill level 
• Task completion time should be recorded to 
evaluate effectiveness and efficiency 
quantitatively 
• A log of user interaction with the interface 
during the test can also be used to determine 
effectiveness and efficiency
• Satisfaction can be evaluated in terms of user 
preference and analysis of comments and 
observations 
• Elements of the test should be randomized to 
ensure unbiased evaluation 
• Test subjects should be allowed to practice 
using each interface” 
In addition to the work on audio UI by Dewey and Wakefield I found the paper “The Importance of Parameter Mapping in Electronic Instrument Design” by Andy Hunt et.al. to be verry insightful and relevant to my project. In the paper, the authors discuss the “mapping layer” or how UI elements map parameters that map to the output audio of a digital audio effect or synth. This is a crucial element that I will pay close attention to when designing my software.  
this paper is also verry useful in that it pertains specifically to user interface design with a mouse where as other papers cover multi touch interfaces such as those found on iPads in addition to traditional mouse control as I am developing a vst plugin mouse use is a ui constraint that I have and it is a perhaps unfortunate limitation of desktop digital audio workstations in general this paper is a useful source as it does briefly touch on this. The gathering of scholarly articles relating to ui that were relevant to my project was the most difficult task I faced in this research process I feel like user interface/ human computer interface design as it pertains to creative audio applications is an underexplored field.
[bookmark: _Int_aJwwY88l][bookmark: _Int_Q6M7Cpvp][bookmark: _Int_rWYBFNCq]During the final preparation of my methodology, I used 3 main additional resources that I ought to mention. Firstly, the Octasine FM synthesizer is a well-established opensource software synth that proved valuable to use in my methodology. Secondly, in my methodology I used a sample from the intro to “regular show”. The intro was composed by Mark Mothersbaugh. Thirdly, I did ask a question regarding adding table saving to my ui in the cabbage forum. However, the solution was too complex to implement in the timeframe I had given myself for user testing.



Methodology 
For my methodology, I produced VST software synthesizer plugin with the cabbage framework that follows the audio UI design philosophy laid out in Dewey and Wakefield’s paper. I then conducted user testing mainly with other students at STC. I completed a prototype vst that had a ui  with an emphasis on visual feedback although it was missing some features that would be necessary for a public release. To implement all the features that I wanted, I was unable to use any of the stock phase distortion opcodes available in cabbage. However, creating a bespoke phase distortion algorithm gave me a much deeper understanding of phase distortion.
I gave 11 beta testers a synth that I had designed, and an opensource FM synthesizer called “Octasine” and asked them to replicate a sound sample I provided them after giving them a short tutorial on how to use each synth. I chose octasine as it is a free and opensource 4 operator FM synth that is well established and is more comparable to my synthesizer as it is a modern FM synth that is not directly emulating any older synthesizers. I chose an FM synthesizer to compare my phase distortion synth with because originally Cassio phase distortion synths were competing with Yamaha’s FM synthesizers such as the dx7. Additionally, I chose to compare my synth with another synth to provide something to compare user feedback 2 as a bassline.
[bookmark: _Int_5Chy7IfR]The sample I asked my users to attempt to replicate was sampled from the “Regular show” intro. It is a low synth note with a filter sweep. Like most of the music featured in “Regular Show’ it was composed by Mark Mothersbaugh the frontman of the New-Wave band DEVO.
Initially How I wanted to do user testing was based on the recommendations of the Dewey and Wakefield paper. I had planned for the study participants to watch a tutorial made by me on how to use the software then I had planned to make 2 patches from a list of common synth patches that I provide 1 patch would have been  from a list of patches that emulate natural instruments (plucked string, bowed string, e piano, brass, etc.) and the other will be from a list of some common classic synth patches (acid bass, arp, 808 cowbell, house stab, etc.). to incentivize participation in the user testing I had intended to provide the students with access to a library of patches for the vst  however these plans fell through due mainly to time constraints as I had to develop a phase distortion algorithm from scratch. I was concerned that I would not get many participants as in the past I had done user testing I got poor turnout, so I wanted to provide some incentive however it was not necessary. 











Analysis 
Here are the results of the user testing comparing the vst I developed with an established [image: ][image: ]
Synth 1 was the vst I developed, and Synth 2 was octasine. As it is clear from this data, users found it both intuitive and better at replicating the reference sample I had provided them. Users were more positive about the FM synth than I had initially expected. However, since seeking out an FM synth to compare against, I have found octasine to be a useful tool in my own work. Unfortunately, an oversight made in my methodology is neglecting to add a box for users to share any personal comments. I chose to ask simple, quantifiable metric-based questions. I was present at the user testing and some of the users mentioned that they preferred the more visual nature of the phase distortion synthesizer over the more mathematical nature of the FM synthesizer. it would have been useful to have that formally recorded in the data.
Discussion 
One of the biggest challenges in creating the vst for this project was getting a wave shaper Esque ui working in cabbage which was my chosen framework. I opted to use the stock gentable opcode in its active mode which allows editing but unlike the other parameters of the synthesizer does not automatically save and does not work with the undo and redo options in the host DAW, if this were to be released as a commercial product that is the most important missing feature of this synth. Another feature of the ui that was missing was having a properly synced oscilloscope of the output to assist with creating specific wave shapes there are code examples of this pitch and phase synched oscilloscope working however as I had a finite amount of time to complete this project I opted to implement a simpler oscilloscope that is not phase or frequency synched.
Conclusion 
In conclusion, it is abundantly clear that users indicated a preference for my software synthesizer in user testing for both its intuitive UI and its sound design capabilities. It is clear from the Dewey and Wakefield paper and feedback that I received from users that visual feedback / visual metaphors are useful tools for creating intuitive UIs.
 I plan to develop my vst further and explore some parallel methods of digital additive synthesis such as FM and Karplus-Strong with an emphasis on UX and UI. During the development process of the vst I experimented with applying time-based effects to the phasor and this resulted in incredibly interesting and musical textures. This is an area I want to explore further. 
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