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The internet is rapidly growing, roughly by 2 % each year. [1] On the other hand, smart phone market reach is also continuously increasing in the past few years. Desktop internet access through mobile broadband has an average load speed of 5 seconds whilst on the other hand, on mobile devices, internet access time through 3G is roughly 19 seconds. [5] Both parties suffer from this fact, as businesses experience less profit, recognition & expansion as well as higher bounce rates the slower their web-pages are whilst users often don’t have the patience for long loading times. To help mitigate these issues Web Development industry experts use various techniques and best practices for minimizing page load-time. This research is an attempt at documenting various techniques, as well as measuring and analysing the effectiveness of each. The research starts with Chapter 1, an introduction highlighting the background of this study and its importance in the wider picture, followed by its aims and objectives. Next, Chapter 2 represents an attempt at providing client-side performance with a concrete definition is made, detailing how the HTTP protocol works and what happens when a client interacts with a server to fetch a web-page. Next, an overview of various client-side performance practices is made, grouped by how they attempt to achieve better performance: 1. reducing asset file-size 2. Reducing number of file/object requests. 3. Asynchronous loading and other loading techniques. Following this is Chapter 3, an overview of the research, including its research process, philosophy, methodologies, data collection methods, research design and research deliverables along with the software and hardware used for extracting the data. Next, Chapter 4 details the design and implementation process, with an introduction, problem formulation, as well as design & implementation featuring tools used for increasing performance.
Furthermore, Chapter 6 concludes the research and provides further recommendations. Finally, the research ends with Chapter 8, a reflection on what the author of this research has learned through the process of doing an in-depth research on a single topic. An Appendix with tabular data of the results is included at the end of this research paper.
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[bookmark: _Toc512494528]Introduction

	Global adoption of the internet is increasing at a rapid pace [1]. A recent report done by the ITU points out that global internet adoption increases by 2% each year, starting from a rough 48 % of the world population of 7.8 billion. Of this amount, 13 % represents fixed-broadband and 56% active mobile-broadband. [2]
	On the other hand, Smart phone market reach is continuously increasing in the past few years. Research [1] also shows that consequently, the amount of data transferred from servers to smartphones exclusively is also in rapid advancement. In the last five years, mobile-broadband subscriptions have increased by 20 % annually. Additionally, a 2017 study expected that the mobile subscription count to reach a size of 4.3 billion by the end of 2017 [1]. A study points out that usage of broadband at home is decreasing by as much as 5% every two years [3].
	Desktop internet access through fixed mobile broadband have an average page load speed of 5 seconds. On the other hand, on mobile devices, most internet access is outdoors with the help of wireless technologies such as 2G and 3G. A recent report [4] points out that 3G is the norm, as 93 out of 95 countries analysed in the report’s sample have a 3G signal availability of 50-75% more than half of the time, although some slight gaps in performance vary from country to country.
	A study by Google [5] based on an analysis of 10000+ mobile web domains finds that the average load time for sites over mobile broadband such as 3G are a significant amount of 19 seconds. On the other hand, another study from  2011 [6] points out that 74 % of users expect a maximum amount of roughly 5 seconds before abandoning a page. Furthermore, 78 % of users are willing to retry the website only once or twice before abandoning it completely. Afterwards, the study shows that a bad loading experience leaves the users 57% less likely to recommend the site.
	Pertaining to how a brand’s web page performance affects its’ online presence, some of these factors include:
	Google’s PageRank: Google has confirmed in a 2010 blogpost [7] that a website’s page speed is a contributing “signal” to Google’s ranking algorithm. Thus, faster websites have a better ranking on Google’s search engine, which results in a larger amount of visitors and business profit.
	Bounce Rate: bounce rate is defined as the percentage of users visiting the site once then leaving it permanently or the number of single page visits [8, p. 39].  A study done by CatchPoint [9] points out that a decrease of as little as one second in load time results in a 3% lower bounce rate, %1 higher incremental revenue and 1.30% conversion rate. The Google DoubleClick [5] study also points out that sites that would load in 5 seconds in comparison to 19 seconds had 70 % longer average sessions and 35 % lower bounce rates. AliExpress [10] claims that by reducing their load time by 36 % they have reported a significant order increase of 10.5% and a conversion rate increase of 27%.
	In the meantime, the size of web pages is in a steady increase, as much as 10 % every 4 months. Furthermore, more and more files occupy a web page, on average 108 [11]. This amount can be further divided into JavaScript content (roughly 10% of total size, 25 requests) [12] and images (60% of total size and nr. of requests 56) [13].
	With the scope of solving page speed issues, industry experts are constantly working on and proposing new techniques and best practices for increasing Client-side performance.  
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	The main aim of this report is to measure and analyse several techniques, concepts and practices employed with the scope of increasing Client-side performance.

[bookmark: _Toc512494530]Objectives

	The objectives are to:

· engage in a thorough literature review on client-side performance concepts and practices
· build one or more-mock websites for one or more techniques as necessary
· apply and experiment with these practices on the mock websites
· run both old and new mock websites through specialized web page performance auditing software with the scope of extracting audit data
· measure and conclude the effectiveness of each technique by laying data into tables and drawing conclusions from the data
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[bookmark: _Toc512494533]2.1.1 Structure of a web page request

	Before embarking unto the proposed solutions for increasing client-side performance, a description of what client-side performance is and what its influencing factors are is presented; More specifically, what chain of events are undertaken whenever a client wants to acquire a web page from the server.
	Whenever a client requests a web page from the server, the client engages in a HTTP request.

[image: ]
Figure 1:  Sending a request [14, p. 12]




As seen in the picture, the process is as follows:

1. Put the URL in the fetch queue.
2. Either resolve the IP address of the hostname in the URL or grab the IP address from the DNS Cache.
3. Open a TCP Connection to the host (server) if it is not already present.
4. Once the TCP connection is established, perform a TLS handshake if it is an HTTPS request.
5. Finally, send the request.

TCP Connection: This process involves a three-way roundtrip between the client and the server, which proceeds as follows:

Figure 2: TCP connection [14, p. 15][image: ]
Figuf


A SYN (synchronize) packet is sent to the server, after which the server sends back an ACK (acknowledgement) packet back to the client alongside a synchronize (SYN) packet. Finally, an ACK (acknowledgement) of the received SYN (Synchronize) packet is sent back to the server.



	DNS (Domain Name Server) Resolve: If a new web page is visited, its domain/hostname is resolved to an IP address with the scope of locating the server. Once this is done, this link between hostname and IP address is stored in the client’s DNS cache.

	TLS Handshake: The process through which TLS (Transport Layer Security) is negotiated for higher security. This process is done only if the client is making an HTTPS connection.	

	With this request established the server sends the requested web page to the client.

	Afterwards, the next steps are taken as seen in the following diagram:
[image: ]

Figure 3: Request process for an average web page [14, p. 13]
	
	The steps are as follows:

1. Parse the HTML for other requests found in <link> tags and trigger the fetching process for the objects requested by the web page, if any. These objects are mainly JavaScript, CSS, font files, and JavaScript libraries such as jQuery.
2. Wait for the other requests to be received.
3. Once these objects are received, start the rendering of the page.
4. If during the rendering process more objects are to be fetched wait for them to be received as well, parse them then continue rendering.
5. Finish rendering the page.

[bookmark: _Toc512494534]2.1.2 The average website

	With a thorough understanding of how the HTTP works one must now engage in a review of the site’s architecture and assets. Below is a diagram of what requests a typical web page sends.
[image: ]


Figure 4: Structure of an average web page


	As seen above, once a HTML is parsed, other subsequent requests are made for:

· CSS files which contain the styling for the website
· JavaScript code for interactive behaviour. This might also include multiple other small JavaScript scripts for analytics and advertising
· Personalized fonts for a more appealing design
· If required, JavaScript libraries and/or frameworks such as jQuery, AngularJS or React
· Other assets such as media assets: images typically in PNG, GIF and JPEG format

	Once these requests are complete the web page’s document is fully loaded. 

With this process in mind, the practices described in the next section attempt
 to achieve a faster time to full document load through different means. 
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[bookmark: _Toc512494536]2.2.1 Reducing asset file size

	One process involve reducing a web page’s assets. In this section we are going to look at reducing the file size of JS and CSS files, as well as other assets such as images.

Minification

	The process of minifying a JavaScript file involves deleting comments, unnecessary whitespace, and replacement of local variable names with shorter ones whilst keeping the script’s functionality intact. [15, p. 768]

	[image: ]


Figure 5: Example of JavaScript minification process


	Additionally, bracket notation is replaced with dot notation, constant folding (e.g. “foo”+”bar” becomes “foobar”) and others. [15, pp. 168–169]	
This process was standardized and popularized with Douglas Crockford’s JSMin [16, p. 168]. Since then other JavaScript minifiers have surfaced such as Yahoo’s YUI Compressor [15, p. 664], Google’s Closure Compiler [17, pp. 24–26] and mishoo’s UglifyJS [18, p. 301].
An online experiment reports that UglifyJS and google closure compiler on average have reduced a JavaScript file’s size to 50% of its original size. [19] Furthermore, a test suite built by the UglifyJS developer reports various reductions of up to 20 % of a JavaScript file’s original size. [20]
 
	CSS minifiers aim to do the same thing as JavaScript minifiers, namely removing unnecessary white space, trailing spaces, and semicolons. [18, pp. 282–283]

Figure 6: CSS minification[image: ]

















	Additionally, other CSS minifiers also shorten hexadecimal colour codes and other rules’ names whilst keeping the original functionality intact. [21] 

[image: ]



	

	







Figure 7: Shortening of CSS hexadecimal colour codes

Other CSS minifiers (or optimizers) such as css-nano [22, p. 93] go a further route and perform structural optimizations such as declaration and ruleset merging. [23]

Figure 8: CSS ruleset merging[image: ]
 


A thorough benchmark of many CSS minifiers has been made in 2016 by the GoalSmashers Dev Team [24] [25].   It concludes that in the majority of cases more-CSS comes first, closely followed by clean-css and csso. On the other hand, a benchmark found on one of those minifiers’ web page (css-nano) states that CSS minification & optimization reduces file size as much as 54 %. [26]
Gzipping / Data Compression

Data compression algorithms are mostly used for reducing the sizes of many types of files, whether or not they’re text-based files. These algorithms can also be applied towards compressing a web page’s text-based assets, mainly HTML, JS, and CSS files.  [27, pp. 121–122]
	From HTTP 1/1 onwards all browsers support gzip by default [28] and most web hosting services have HTML gzipping on by default, however some extra tuning must be done on the server-end to further gzip JS and CSS files. [29, pp. 29–32]
	Newer compression algorithms include Google’s “more efficient” Brotli [30, p. 134] and Facebook’s zstandard compression algorithm . It is worth noting however that newer compression algorithms aren’t as supported on browsers as gzip, such as Brotli’s 84.25% [31] global browser compatibility.
	A study concludes that gzipping can reduce scripts’ and stylesheets’ size by roughly 60% and 70 % respectively. [29, p. 31] On the other hand, an exhaustive benchmark collection [32] of several compression algorithms notes that, as of 20 November 2017,  zstandard’s compression ratio is of .2517 to 1 which is roughly 25% of the file’s original size  whilst Brotli’s ratio is of .2241 to 1, roughly 22%.















Browser-specific image formats

	With the scope of decreasing image size overall and quality/size ratio there have come two main contenders: Google’s WebP (basic, extended, animated) and Microsoft’s JPEG XR.

	WebP:  Google’s new format is an attempt at replacing JPEG, PNG, and GIF images through its extended variation. The WebP “basic” variation is for lossy compression similar to JPEG images. Secondly, the “extended” variation supports lossless compression and transparency similar to what PNG achieves. Finally, the “animated” variation adds animation support similar to animated GIFs.  [33, pp. 74–77]
	A supposedly “objective assessment” [34] of the algorithm in a research paper from 2012 however points out that the WebP format performs well against smaller contenders such as JPEG 2000 only up to a certain point with a marginal quality/size ratio advantage. Once high resolution or highly detailed images are required, it performs poorly with a blurry effect “which can be pleasing or unnatural depending on the scene”.  
	Two recent studies [35] [36] by Google for lossy and lossless compression respectively however point out that WebP lossy compression is on average smaller by 25-34% in comparison to JPEG, whilst Lossless compression is 42% better than standard PNG and 23% better than ZopfliPNG. 
	Additionally, another study of the algorithm [37, pp. 274–277] concludes that although compression quality is inferior to JPG and PNG it has a better compression algorithm, which should provide substantial benefits to performance. It has to be noted however that this result has sprung forth to some extent from empirical data which might differ from one person to another: In one particular test, the author/s specify:

	“According to the data in the table, WebP’s value of PSNR is about 43.3, the image quality is slightly less than JPG and PNG. But the difference cannot be resolved by the naked eye.”  

	As a result it could be argued that careful consideration must be taken if one wants to compress high-quality pictures such as high-resolution photographs using WebP.
	In regards to its compatibility with web browsers the WebP image format is only supported across blink-based browsers: Chrome, Chrome & UC Browser for Android, Opera Mini and Samsung Internet, totalling to 74% global coverage. [38]
However, a small compatibility JavaScript library called WebP.js [37, p. 276]  aims to bring extended support to other browsers.

Removing unused CSS from libraries

	Popular responsive web design frameworks such as Bootstrap and Foundation provide developers a large number of CSS classes with the scope of developing fully responsive websites. [39, p. 1] The full version of these frameworks with all batteries included come with a substantial size: the standard CSS of bootstrap-4.0.0-alpha.6 is 187K whilst foundation-6.4.2 is 152K.
	The functionality these frameworks provide come at a size cost. Bootstrap’s CSS, for example provides:

· Responsive containers
· Responsive breakpoints
· Utility classes
· CSS classes for various components such as progress bars, navigation bars, tooltips, popover, alerts, drop down menus etc. [40, pp. 10–12]
· Image modifier classes [40, pp. 48–49]

For example, a “.button” style for example once assigned to an <a> element styles the link as a button.




	Such utility/helper classes are present in Bootstrap, alongside many more other rules fit to cover all use cases. This however comes at a cost as unused rules remain in the CSS file and hamper performance. [41, p. 254] According to Addy Osmani’s research [42] mentioned in the book Pro Grunt.js [43, p. 53], the majority of web developers use less than 10% of Bootstraps CSS when opting for the full build, which is the common case scenario.
	Towards fixing this issue developers are using dead CSS code removal tools such as UnCSS. [40, pp. 230–233] The process through which UnCSS works is as follows:

1. “The HTML file is loaded by PhantomJS, a headless browser, and JavaScript is executed
2. Used stylesheets are extracted from the resulting HTML.
3. The style sheets are concatenated, and the rules are parsed, using the Node module css-parse
4. Selectors not used within the HTML are filtered out, using document.querySelector
5. The remaining rules are converted back to CSS”  [43, pp. 53–54]

	It is worth noting that UnCSS runs only JavaScript that is run on page load, meaning that it won’t handle elements visible only through user interaction such as clicking on a navigation item that spawns a dropdown menu. CSS selectors which style elements brought out only through interaction and such should be added as a parameter to the tools’ “ignore” argument. Additionally, it only works on static HTML files. [43, p. 53]








[bookmark: _Toc512494537]2.2.2 Reducing number of requests

Sprites

	According to the HTTP archive [44], an archive which tracks how the web is built, the average number of requests for images as of April 2018 is 39 on desktop computers, whilst on mobile devices it is 35 requests.
	A process which attempts to solve this issue is the use of Sprites, a technique through which multiple small images (such as navigation icons, social media buttons, action icons etc.  [45, Ch. 6]) And medium images (logos) are put together in a single image file called a “sprite”. Afterwards the images are positioned correctly using CSS rules, improving performance through the reduction of HTTP requests. [30]
	This process is accomplished by generating a sprite file from multiple images. Following this the generator produces CSS rulesets bound to IDs which are to be placed inside the web page.
















CSS In-lining

The construction of a page’s render tree requires CSS. As a result, once the HTML file is fetched and parsed, the second request usually calls an external CSS file containing the necessary styles for the web page to display itself properly.
[image: ]


Figure 9: Requesting external CSS


 




	
	A suggested practice for mitigating this problem is the in-lining (placing) of “critical” (above-the-fold) CSS content into the HTML file itself, thus mitigating the number of CSS fetches & time required for a site’s initial styling to load. Above-the-fold content is a term for all the content that is visible on the users’ screen upon first visit without any scrolling. A number of tools exist for automating inline CSS placement such as critical, penthouse, and criticalCSS.
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Figure 10: CSS inlined in the HTML file

An experiment from 2016  [45, pp. 130–131] concludes that a web page’s “time to first paint” (the time it takes a browser to accomplish its first step in rendering a web page once its  necessary resources are fetched [45, pp. 141–142]) decreases by as much as 0.9 seconds or as little as 40 milliseconds depending on the users’ internet connection and processing power.
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Asynchronous loading of JavaScript

As JavaScript applications increase in complexity developers often split their functionality into different files. Additionally, scripts might have other scripts as dependencies which in turn have other dependencies, forming a dependency tree.  With the scope of loading scripts & dependencies asynchronously developers can use the “async” and “defer” attributes for loading scripts. [46, p. 42]
	However this mode of loading modules does not know in which order to load scripts asynchronously. For this reason, developers use libraries such as RequireJS for managing dependencies along with writing modularized code under the AMD (Asynchronous Module Definition) pattern. [47, p. 140]

Resource hints

As noted in the beginning of the literature review, a DNS lookup is the process through which a domain name is converted to an IP address. Each time the client fetches resources from a new or external domain (previously unvisited/first visit) it has to engage in a DNS lookup before fetching, which might take a significant amount of time.
	A web page which gets resources from other domains on load such as google analytics scripts, Facebook third-party scripts etc. performs many DNS lookups which hinders performance substantially. 	
	A proposed solution for this is DNS prefetching. Setting a “rel=’dns-prefetch’” attribute upon links to a different domain or an external script informs the browser to do the DNS lookup in advance, thus increasing performance. [30, pp. 155–156] [image: ]


Figure 11: Setting "dns-prefetch" rel attribute in link tag

A technique that builds upon the previous one, namely DNS prefetching, is an attribute termed Preconnect, which initiates a connection with the web server in advance so that it resolves the TCP handshake, and an optional TLS negotiation in case the link uses the HTTPS protocol.  [48, pp. 379–382]

[image: ]


	
Figure 12: Setting "preconnect" rel attribute

	However, the option of using Preconnect instead of DNS prefetching on one or more links should be carefully considered in light of the probability of it being accessed, as it can be wasteful in case the link never gets visited.
	It is worth noting that this technique’s support is not widely adopted yet. According to caniuse.com [49], this technique has 65 % support spanning Firefox, Chrome, Samsung Internet, partial support in Edge versions from 16 upwards, as well as support for Safari and iOS Safari starting from 29 March 2018.
	
	Following this is the Prefetch attribute value which could be used to specify entire assets which should be fetched in advance by the client. [30, pp. 192–195]

[image: ]



Figure 13: Setting "prefetch" rel attribute

	It should be noted however that global support as of the time of this report’s writing is of 74% [50], with no support for both Safari versions (Safari and iOS Safari). 
		
	Next, the Preload attribute is used to ensure the fetching of one or more assets in advance. Its functionality is similar to that of Prefetch, however it adds an “as” attribute to specify the type of asset being fetched for further optimization.
[bookmark: _GoBack]The preload attribute however has less support than its predecessors. Caniuse.com reports that global support is of 61.8%, with no support for, all IE versions and Edge versions below 17, UC Browser for Android, Opera Mini and Firefox versions below 59. Additionally, Safari and iOS Safari support has only been very recently added (starting from 29 March 2018). [51]
	
Finally, the Prerender attribute is applicable only to web pages. This attribute tells the browser to fetch and render a web page in the background. Support for this feature is around 65.68% (Chrome & Chrome for Android, IE 11, and Samsung Internet) [52]

Progressive Web Apps: Caching & MVC Pattern

A relatively new concept in web development, Progressive Web Apps (PWAs) represent a different architectural approach towards developing web pages which  involve the implementation of a type of web worker (JavaScript code that runs in the background separate from the main UI [53, p. vii]) called a Service Worker for caching & updating content in the background. [54, pp. 7–9]
Next, a new un-opinionated API for cache storage called CacheStorage is used for storing assets into the cache [54, p. 30]. Afterwards, an optional Fetch API is used for fetching assets from the servers or from the CacheStorage asynchronously [54, p. 22]. Finally, it implements an iterative approach to loading content called PRPL [55] .
 	These features once combined can also be described as an offline-first approach. [54, Ch. 5]









	
	Service Workers are plain JavaScript files running in the background, separately from the main UI thread. They act as a proxy/layer between the client and the server. It can be used to intercept requests from the client and depending on the users’ connectivity either fetch already cached content if the user is offline or on slow connections. 
Next, the service worker can also work the other way around and cache content once it is fetched from the server. [54, pp. 7–9]
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Figure 14: Anatomy of a request with service workers involved
	
	Next, the PRPL [18, p. 264] pattern is used towards the loading & rendering of content:

· Push critical resources for the initial route (with HTTP/2 Server Push [14, pp. 53–55])
· Render the initial route quickly
· Pre-cache remaining routes
· Lazy-load and create remaining routes on demand 
[bookmark: _Toc512494539]2.3 Conclusion


This chapter started with a proposed definition of client-side performance, detailing how the HTTP protocol works and the common processes involved in displaying a web page properly. Furthermore, three sets of client-side-performance practices were presented sorted by category: 1. By reducing asset file size 2. Reducing number of file/object requests and 3. Different Loading techniques. 
	
The following chapter details this research’s research methodology.





















[bookmark: _Toc512494540]Chapter 3 – Research Methodology

[bookmark: _Toc512494541]3.1 Research Overview

[bookmark: _Toc512494542]3.1.1 Research Process

The aim of this research is to design, develop and evaluate the results of an experiment whereby accurate metrics can be retrieved with the scope of measuring & evaluating client-side performance techniques. As such, a deductive approach which aligns with the positivistic philosophy would allow for a correct approach to collecting performance data which is numerical. An inductive approach however will also be taken for a few of the techniques as they cannot be accurately measured with quantitative data. Large samples of quantitative data will be collected with the scope of inferring the performance of web-page fetching as a whole as well as per individual asset or file, as well as connection establishment performance. The metrics used for measurement will be reduced to the ones which are least wildly-varying/dependent for more accurate analysis.

[bookmark: _Toc512494543]3.1.2 Research Philosophy

As mentioned in the above sub-section, the deductive approach will be used which involves the use of quantitative data. Furthermore, deduction emphasises scientific principles, a highly structured approach as well as the need to explain causal relationships between variables. 

[bookmark: _Toc512494544]3.1.3 Research Methodologies

		For this research, an experiment coupled with grounded theory will form the basis of analysing and measuring performance techniques. Test runs which produce measurable data quantitative data will be used to measure performance. Otherwise, grounded theory will be used to explain if there is any substantial performance benefit. The experiment will involve using software for running tests on different versions of the web-page and collecting the data in a tabular form.

Used metrics

A varying number of network-level metrics  [14, p. 14-15] exist for the purpose of measuring and analysing the effectiveness of all the process of establishing a connection:

· Latency: Time for IP packet to get from one point to another. This value doubled is called Round-Trip-Time (RTT)
· Bandwidth: The capacity of the connection to handle data
· Connection Time: The amount of time it takes for a client-server connection to be established when data is requested or sent. This is also known as a “three-way handshake” as seen in the diagram of a TCP connection
· TLS Negotiation Time: Time required for a TLS handshake to be acquired if the client is making an HTTPS connection.
· Time To First Byte (TTFB): A sum of all the proceeding metrics.

	Once the first byte is received and the client ready to receive objects from the server, a number of other, user/client-oriented metrics are used:

· Content Download Time: or Time To Last Byte (TTLB) of a requested object, namely the time required for an object to be received entirely by the client, such as JavaScript, CSS, and other assets.
· Start Render Time: Time required for the client (browser) to start displaying a web page on the user’s browser.
· Document Complete: The time that the page is completely loaded according to the client.






	Finally, two more specific metrics are used to gauge the performance of a web page:
	
· Time To Interactive [56]: The point in which the layout has stabilized, necessary assets are loaded and the interface is functional enough for user input to be responsive.
· Page Weight  [29, pp. 103–105]: Size of HTML and assets.
· Requests: Number of HTTP requests.

		Of these metrics, Content Download/Download Time, which comprises of TTLB minus TTFB,   will be chosen as the main metric for individuals assets in the order of milliseconds (ms), as well as their file-size in kilobytes for human-friendly readability. The reasoning behind this decision is that in the context of this research it is the most independent variable for measuring performance, as the file-size of an asset impacts the download time of a file, whilst not affecting connection establishment time. Next, other metrics such as Start Render and Time To Interactive, are browser-dependent, as browsers use different rendering engines which directly impact the time required for a page to be parsed etc. [57, p. 25] 
Finally, DNS lookup time, Initial Connection and SSL/TLS will be used for assessing the effectiveness of dns-prefetch and preconnect.

[bookmark: _Toc512494545]3.1.4 Data Collection

A multiple model research approach will be taken, collecting both quantitative data as well as collecting qualitative data then quantising it. For CSS and JS minification, as well as WebP conversion, DNS prefetching a quantitative approach will be used. Although both prerender and preconnect should be under the form of quantitative, numerical data, unfortunately the chosen benchmarking tool could not produce relevant data for these two use cases. As such an attempt at quantising qualitative data will be made instead. 



[bookmark: _Toc512494546]3.1.5 Research Design

In order to achieve the objectives proposed in this research the experiment is modelled after a retest-pattern which involves surveying metrics before and after changing an independent variable, in most cases the file-size of different assets. In other cases the variable comprises of whether connections are established in the background or upon page-request. To maximize internal validity, the experiment will be carried under controlled conditions by simulating a 3G connection with benchmarking software. Finally, the research is cross-sectional as it aims to analyse how well client-side performance techniques perform at the current snapshot/time of writing and testing.
The experiment has some validity as the techniques employed in the experiment all have a fixed impact on file-size and to a large extent download time. On the other hand, the experiment has some degree of reliability, however not entirely as a lot of factors such as CPU performance & temperature, as well as other components of a computing which all bear some degree of random-ness in their performance all affect the output results. Finally, the experiment is generalisability to a large extent however not entirely as compression algorithms and technologies improve over time. 

[bookmark: _Toc512494547]3.1.6 Research Deliverables

The aim outputs of this research will in quantitative data collections consist of tabular data, which in turn comprise of file-size, download time and total download time. With this data the objectives will be reached. The initial web-page mock-up with no techniques applied unto it will be found at the starts of the Analysis section, alongside with subsequent results.






 
[bookmark: _Toc512494548]3.1.7 Notes – Hardware & Software used

· Laptop: Lenovo ThinkPad T470
· Operating System: Windows 10 Home 64-bit
· CPU: Intel Core i3 7100U @ 2.40GHz Kaby Lake-U/Y 14nm Technology
· RAM: 4.00GB Single-Channel DDR4 @ 1064MHz (15-15-15-35)
· Storage: 167GB INTEL SSDSC2KF180H6l (SSD)
· Browser: Google Chrome 65 Stable (64-bit)

[bookmark: _Toc512494549]3.1.8 Conclusion

This chapter detailed the research methodology, containing an overview of the research process along with its research philosophy. Following this are the research methodologies used, as well as data collection details, research design and deliverables. The chapter ends with details on used hardware and software for the experiment.

The following chapter explores the design and implementation of the experiment.














[bookmark: _Toc512494550]Chapter 4 – Design & Implementation

[bookmark: _Toc512494551]4.1 Introduction

In this chapter, the design and implementation of the proposed experiment is documented. Firstly, an outlining of the problem to be solved is presented as well as the proposed method of solving it. Next, the design is explained, with references to the established literature review as justifications to the design process. Following this is the implementation of the experiment, along with an overview of all the tools used. Finally, the results are presented, as well as whether or not they meet the expected outcome as stated in the literature review.

[bookmark: _Toc512494552]4.2 Problem Formulation

	The problem to be tackled with this experiment is firstly the implementation of the web page. A simple web page with 5 images of type PNG, GIF, JPEG, 20 in-lined SVG pics is built. In addition, 5 JavaScript files and 2 CSS libraries are also added into the web-page so that CSS and JavaScript minification impact can be assessed. Next, the application of the techniques is the second problem. This is done mostly done through the use of command-line tools as well as some slight HTML coding. Following this, the third problem is the gathering of each asset’s Download Time, independent of time required for connection establishment. In the case of resource hints the problem is whether or not they work as initially documented. To solve both these problems an internet browser with out-of-the-box developer tools is used for benchmarking. Finally, the last problem is of gathering up the data and visualizing it properly for accurate measurement, analysis and evaluation. This is done by designing a set of tables and populating it with the data previously extracted.




[bookmark: _Toc512494553]4.3 Design & Implementation

The experiment is comprised of a simple HTML web page with minimal CSS styling applied to it. JavaScript and CSS libraries, as well as pictures have been added so that the client has a decent amount of content to fetch. Next, separate directory hierarchies are made for each technique and combination of techniques (CSS minification + gzip for example). The web pages are in turned hosted on a free hosting service based in Romania (000webhost, powered by hostinger [58]). The 3G network throttle option from Chrome Dev-Tools has been chosen as it is more relevant to the background and motivation behind the research. All code will be found in the DVD attached to this research paper.
	Next, the process for running the tests and extracting data is as follows:
1. Host original web page as a reference for subsequent tests
2. Open the web page in Google Chrome and open its Developer Tools
3. Go to the “Network” tab
4. Disable caching so that tests can be re-run
5. Set network throttling profile to “Fast 3G” 
6. Run the test by doing a refresh of the web page
7. Gather “Download time” data for each asset and place it in table
8. Change the version of the web page with one with different technique/s applied
9. Repeat steps 2-9

The only exception to this process is the web pages with resource hint techniques. For this scenario chrome’s net-internals feature [14, p. 98] was used for both making sure the DNS cache is cleared as well as confirming that the resource hints work as intended. Additionally, a different domain hosted by the same service was used. The web page can be accessed at https://site-de-testare.000webhostapp.com.





[bookmark: _Toc512494554]4.4 Implementation – Tools Used

NOTE: Unfortunately, due to time constraints/bad time management some tools/techniques haven’t been tackled. The only techniques that have been tested are:

· JavaScript and CSS minification with gzip and Brotli
· PNG to lossless WebP conversion
· Resource hints

It has been deemed more favourable to maintain the documentation and concept behind the tools intact however as it could be argued that it still constitutes some level of research even though implementation may be lacking.

[bookmark: _Toc512494555]4.4.1 CSS minifiers

clean-css (level 0) [59]

	The default set of optimizations removes trailing semicolons, whitespace around selectors, attributes and values, removing line breaks, universal selectors etc. Additionally, it does selector, property and media query [60, p. 19] merging. [61] [62, p. 36]

clean-css (level 1) [59]

Level 1 cleans up @charset-at rules, as well as normalize URLs. Next, it optimizes background, border-radius, filter I –ms-filter, font-weight, outline properties, as well as removing empty rules and nested blocks, negative paddings, quotes, and whitespace. Finally, it replaces multiple zeroes, time units, 0 units, and tidies at-rules, block scopes, and selectors.



clean-css (level 2) [59]

The highest level of clean-css merges adjacent rules and components into shorthand properties as well as media queries, nested blocks and non-adjacent rules. Next, it overrides properties based on understandability, reduces non-adjacent rules. Finally, it removes duplicate @font-face, nested media and normal rules.

crass normal/crass with o1 optimizations [63]

Crass creates a parse tree of the CSS instead of operating on the source string directly. As a result it can do reordering or transformation optimizations. For example, colours can be transformed between hsl/rgb/hex to the smallest form possible.

css-nano

Based on the post-css ecosystem, css-nano allegedly does transformations that lead to a good small file size especially after gzipping as the post-css-sorting plugin orders CSS declarations in such a way so that gzip compresses the file/s more efficiently. [22, p. 93]
By default it uses the post-css modules which are considered to be safe transformations. [64] 

csso [65]

csso uses a program called csstree to parse CSS into an AST (Abstract Syntax Tree), for doing AST traversal and generating AST back to CSS, thus enabling it as well to do more advanced CSS transformations which otherwise wouldn’t be possible when working with the CSS source file directly.



csswring [66]

A post-css module, csswring performs actions such as removing redundant zeroes, converting colours to its shortest forms, and removing redundant semi-colons. Additionally, it does the expected stripping of whitespace and comments. Lastly, it tries to convert units to its shortest possible units and gathering/calculating values together before producing an output file.

[bookmark: _Toc512494556]4.4.2 JavaScript minifiers

Esmangle [67]

Esmangle consists of a large number of “pass functions”. Pass functions take an AST (Abstract Syntax Tree) and some options. Afterwards, optimizations are performed onto the AST, after which the optimized AST is returned. Esmangle currently has 22 pass functions, some of which consist of mangling names and removing unused variables. In this case, Mozilla’s JavaScript AST is used as an IR (Intermediate Representation) for better optimizations. 












UglifyJS [20]

UglifyJS is described on its GitHub page as a JavaScript parser, compressor and optionally beautifier. It is composed of two parts:

· The tokenizer/parser
· The processor

	The tokenizer uses the JavaScript code to generate an AST (Abstract Syntax Tree), which can be traversed for doing various manipulations on it. This tokenizer  is in fact a JavaScript port of a Common Lisp JavaScript parsing library called parse-js [68].
Next, the processor’s function is to inspect and manipulate the generated AST for various manipulations, such as:

· Using dot notation instead of bracket notation for accessing object properties/methods (foo[“bar”] becomes foo.bar)
· Removing block brackets
· Joining consecutive var declarations (var a = 10; var b = 20 becomes var a=10,varb=20)
· Shortening variable names
· If statement optimization e.g. transforming them into tertiary operator











[bookmark: _Toc512494557]4.4.3 Data Compression Tools – gzip and Brotli
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
gzip is a commonly used UNIX file compression utility which uses Deflate as its compression method. Deflate in turn uses a modified version of LZ77 and Huffman Codes. [69, p. 230]
	The basic idea of compression with LZ77 [70, pp. 230–231] involves  a “two-part window” comprised of “history” and “lookahead” which travels  along the text. Each time the window moves the algorithm attempts to replace a segment of the “lookahead” section with a pointer into the “history” section so that less space is used.  


Figure 15: LZ77 two-part window

In this example, the “he” in the lookahead matches two characters of the “he” segment of “shells” from the history.
The Huffman Code, on the other hand, is summarized by its author in its white paper as “An optimum method of coding an ensemble of messages consisting of a finite number of members” [71].
Finally, Brotli is a format for storing compressed text developed by Google which also uses the LZ77 algorithm along with Huffman coding. [72]









[bookmark: _Toc512494558]4.4.4 PNG to WebP Lossless conversion [73]

The process of encoding an image losslessly into WebP involves several steps for transformation:

· Spatial prediction for reducing entropy, due to the fact that neighbouring pixels are often correlated
· Colour transform for decorrelating RGB values. With this the green (G) values are kept intact whilst red (R) is transformed based on green and blue (B) based on green then based on red
· Colour Indexing Transform, where a “colour index array” is created in case there are not many unique pixel values. In this case the pixel values are replaced by the array’s indices.
· Colour Cache Coding, where colours found in fragments of the image are “cached” then later reused.

	Finally, entropy coding which consists of a variant of the LZ77-Huffman combination is used upon the transformed image data.

[bookmark: _Toc512494559]4.5 Conclusion

	This chapter detailed the design and implementation of the experiment, starting with a problem formulation outlining the problems to be solved and the experiment’s design. Following this is an explanation of the steps required for extracting the necessary data. The chapter ends with an overview of each tool used and what it does.

	The following chapter presents the results of the tests as well as an evaluation of each set of tests.



[bookmark: _Toc512494560]Chapter 5 – Testing & Evaluation

[bookmark: _Toc512494561]5.1 Introdution

The test results are presented under the form of tabular data in the Appendix.  In the case of CSS and JavaScript minification, the results are grouped first by minifier, followed by file (if that’s the case) then by compression type: None, gzip or Brotli. File size is measured in KiloBytes and Download Time in milliseconds (ms). 
Otherwise the tables are simple enough to be self-explanatory.

[bookmark: _Toc512494562]5.2 Test results

Resource Hints

	No hints: With no type of resource hinting at all, the DNS lookup takes around 114 ms, whilst the initial connection 361 ms and the SSL handshake 166 ms, totalling to 641 ms. 
	DNS prefetching: On the other hand the DNS lookup time is reduced to a mere 31 microseconds once DNS prefetching has been applied. 
	Preconnect/Prerender: Finally, no results could have been accurately measured when using the preconnect and prerender attributes as Google Chrome does not have profiling for these types of requests.  

	In theory, as previously stated, the preconnect hint should eliminate any connection latency and prerender all latency respectively (or by a significant margin depending on the time between the connection establishment and the user visiting the “hinted” web page) as what it does is simply fetching resources in the background. Going back to the literature review, these results properly align with the expected outcomes of using these resource hints.





CSS minification (with Gzipping and Brotli) 

	Without any kind of compression, the CSS minifiers have achieved the following results, sorted from smallest to largest Bootstrap 4 file-size:

1. css-nano with 130 kb (gzip 20 kb, Brotli 17 kb)
2. Crass normal with 132 kb (gzip 20 kb, Brotli 17 kb)
3. css-o with 140 kb (gzip 21 kb, Brotli 17 kb)
4. Crass with o1 optimizations (o1) with 141 kb (gzip 20 kb, Brotli 18 kb)
5. clean-css with level 2 (l2) opt. with 141 kb (gzip 20kb, Brotli 18kb)
6. csswring with 142 kb (gzip 20kb, Brotli 17 kb)
7. clean-css with l0/default with 145 kb (gzip 21 kb, Brotli 18kb)
8. clean-css with level 1 opt. (l1) with 152 kb (gzip 20kb, Brotli 18kb)

	According to test results, CSS minification reduces time required to fetch CSS by 40 to 77% on average.

	Most results are in accordance with expected results as outlined in the literature review. As the CSS files have been successfully minified, they all contain a smaller amount of characters in comparison to their original form, thus saving space. Unanticipated results include crass’s larger file size when using o1 optimization in comparison to normal settings, as well as clean-css giving a higher file size on level 1 optimizations in comparison to default options.

	It is also worth mentioning that whilst some minifiers perform worse than others, in the long run (such as being compressed further for production) it may fare more or equally well as its competitors. For example, level 0 clean-css and css-o have roughly the same size when gzipped, even though they are 5kb apart in size before being compressed further.




	Next, in regards to how well gzip performs CSS compression the results exceed what one would expect from the literature review alone. Gzipping a CSS file reduces its file size by up to 86 (on average) in comparison to 70-80% as stated in the literature review. Brotli performs better CSS compression than gzip, from 2 to 4 kb or roughly 10 to 20%. On average, loading times are reduced by 50 to 77%. This can be arguably attributed to advancement in data compression technologies, libraries and algorithms.
	.
PNG to WebP

	According to test results, converting PNGs to WebP achieved the following results:

1. 39% smaller (by 1979 kB)
2. 39% smaller (by 146 kB)
3. 37% smaller (by 37 kB)
4. 37% smaller (by 174 kB)
5. 39% smaller (by 117 kB)

	In total, the file-size of image assets has been reduced by 39%, and loading time by 40540 ms.
	The results arguably align with what was expected in the literature review, which states that Lossless compression of PNG files has a 42% benefit in reducing file-size.










JavaScript minification

	The results of applying 2 JavaScript minifiers, Esmangle and UglifyJS 3 are as follows:

	Esmangle
· Cross-storage: 71% reduction (89% gzipped, 90% Brotli)
· D3: 51% reduction (82% gzipped, 84% Brotli)
· Fabric-js: 67% reduction (90% gzipped, 91% Brotli)
· jQuery: 67% reduction (87% gzipped, 75% Brotli)
· jQuery-cookie:	 67% reduction (82% gzipped, 85% Brotli)
· Total: 62% reduction (87% gzipped, 86% Brotli)

	UglifyJS 3
· Cross storage: 62% reduction (88% gzipped, 89% Brotli)
· D3: 28% reduction (81% gzipped, 82% Brotli)
· Fabric-js: 55% reduction (89% gzipped, 90% Brotli)
· jQuery: 49% reduction (85% gzipped, 87% Brotli)
· jQuery-cookie: 55% reduction (80% gzipped, 82% Brotli)
· Total: 46% reduction (86% gzipped, 87% Brotli)

	The sizes of these compressed assets are smaller as expected. It can be argued that this is due to the fact that these technologies have evolved over time.
It is however worth noting that Esmangle has better compression than UglifyJS 3 by default. No research regarding the how & why of this occurrence has been made. It is planned however to be made sometime in the future.

[bookmark: _Toc512494563]5.3 Evaluation

Judging from the data, WebP and JavaScript minification along with possibly dns-prefetch and pre-connect are the most effective techniques for reducing page load. The results mostly align with the research done in the literature review. 


[bookmark: _Toc512494564]Chapter 6 – Conclusions and Recommendations

[bookmark: _Toc512494565]6.1 Summary 

In this research an overview of the HTTP protocol in context of web-page loading was presented with the scope of defining client-side performance.  Next, several client-side performance techniques have been reviewed along with the literature review’s expected outcomes, of which a few have been selected for testing. Furthermore, a research methodology was proposed for testing, as well as accurately analysing and evaluating the performance of some of these techniques. Next, the design and implementation of the research & experiment has been described, alongside a more detailed explanation of what several tools do. Following this, the tabular data (which is to be found in the Appendix) has been documented inside the Testing & Evaluation chapter, along with a confirmation whether or not aligns with the expectations formed from the literature review.

[bookmark: _Toc512494566]6.2 Conclusion

Referring back to the statistical reports mentioned in the first chapter, it is undoubtedly images and JavaScript code that are the most significant when it comes to web-page performance, as they are usually used in large numbers, as well as connection latencies. More research and development in algorithms for either reducing these factors’ impact would be of the greatest benefit to the Web. A notable addition to this however, as will be discussed shortly in the “Future Technologies” section, protocols and architectural concepts are currently in development and testing phases for mitigating this problem. One notable concept, Progressive Web Applications, strive to minimize load times both on first and recurring visits by adopting an “offline-first” approach with high priority on caching content in the background and lazy loading parts of a web-application as they’re needed. 



[bookmark: _Toc512494567]6.3 Recommendations for further research

[bookmark: _Toc512494568]6.3.1 Techniques

	A set of client-side performance techniques have been reviewed, of which there are many more. Making images responsive for example is delivering images at different resolutions depending on the viewport’s width. [45, p. 103] Another technique is using CDN-hosted assets (e.g. for JavaScript and CSS libraries) instead of local files. [45, p. 261] Furthermore, lazy loading images [45, pp. 150–151] involves loading images only as needed. Finally, optimizing font-loading [45, p. 184] and compressing EOT and TTF font formats [45, p. 172] represent another possible route to take if the web page uses default fonts. More material for research and self-study of various other ideas and concepts can be found in Jeremy Wagner’s “Web Performance In Action: Building Fast Web Pages” [45], as well as Ilya Grigorik’s “High Performance Browser Networking: What Every Web Developer Should Know About Networking And Browser Performance” [74] an Maximiliano Firtman’s “High Performance Mobile Web: Best Practices for Optimizing Mobile Web Apps” [30] 

[bookmark: _Toc512494569]6.3.2 Data compression concepts

	Gzip and Brotli have at their base a set of algorithms for compressing data. For a more in-depth look into general data compression concepts, Khalid Sayood’s “Introduction to Data Compression” [Introduction to data compression] is a good authoritative resource as the writer has contributed towards  several papers in the data compression field [75] , as well as  having received a large amount from feedback in between editions, from costumers as well as big companies. [76, p. xxi]
	Furthermore, the writer of the book recommends readers wishing to self-study to optionally skip sections marked with a star if they are primarily interested only in an overview of how these various techniques function. [76, p. xviii] 



	A cursory glance at its table of contents [76, pp. vii–xvi] reveals some key concepts:

· Mathematical Preliminaries
· Huffman Coding
· Arithmetic Coding
· Dictionary Techniques
· Context-Based Compression
· Scalar (and Vector Quantization)
· Differential Encoding

	It also includes stand-alone chapters dedicated to image, audio and video compression.
	A more concise overview on general data compression concepts and applications would be David Solomon’s “A Concise Introduction to Data Compression” [a concise]
	For more details on image and video compression concepts specifically see “Image and Video Compression: Fundamentals, Techniques and Applications” [image and video]. 

	As is specified in the conceptual “Transmission Control/Internet Protocol Suite” [77, p. 485], content on the web is mainly transported from server to client and vice-versa with the HTTP protocol as its application layer and TCP as its transport layer.
	 A standard definitive guide on the HTTP protocol is David Gourley’s “HTTP: The Definitive Guide” [78]. A fitting supplementary and authoritative resource for further research is its standards track on the Internet Engineering Task Force (IETF)’s RFC 2616 (Request For Comments) [79]. In-depth resources on TCP/IP further include Richard Stevens’ “TCP/IP Illustrated” series [80] as well as RFC 793 [81] & 791 [82].


[bookmark: _Toc512494570]6.3.3 Future Technologies

QUIC [83, p. 1]

The QUIC (Quick UDP Internet Connections) is a secure transport protocol developed by Google in 2013, meant to work as the protocol on top of UDP (User Datagram Protocol) which is stated to have a “specific packet retransmission mechanism to reduce latency”. Additionally, the number of rounds required for key exchange is stated to be less than TLS’s (Transport Layer Security).  
According to a design draft from Google [84, p. 4] handshake costs are reduced by up to 90%.





















HTTP/2 [14, pp. 41–42]

The HTTP/2 is a protocol which can be thought of as having two parts:

· The framing layer which is the core of HTTP/2’s ability to multiplex
· The data layer which comprises of the portion that is traditionally thought of as the HTTP protocol along with its associated data

	Some other characteristics which are worth noting when it comes to HTTP/2 and its relevance to web page performance are that:

· The framing layer is comprise of a binary framed protocol, making it easier for machines to parse
· Headers in HTTP/2 are heavily compressed, thus reducing the number of bytes transmitted over the wire. 
· HTTP/2 enables multiplexing, thus multiple requests and responses can be handled asynchronously via a single TCP connection [74] through messages [14, p. 48] and frames [14, p. 121]
· Its “Server Push” feature [14, p. 53] enables the developer to tell the server which files to send to a client proactively straight into the browser’s cache












 	A research paper analysing the performance benefits of HTTP/2 notes that proper implementation of HTTP/2 concepts increases performance by 44%. [85]	
	According to caniuse.com [86], support for HTTP/2 is close to 85. Its’ only exceptions in compatibility is the UC browser for Android and IE versions below 11. Additionally, Windows support for HTTP/2 is limited only to Windows 10.
	As of April 2018, a significant margin of the web uses HTTP/2, at a percentage of 25%. It should be noted however that most HTTP/2 users comprise of large companies such as Google. [87] Additionally, HTTP/2 use does not necessarily indicate proper leverage of its latency-lowering features such as Server Push and multiplex, for switching to HTTP/2 alone without doing complex reconfigurations is possible. Furthermore, HTTP/2 is designed to be backwards compatible [14, p. 42] with HTTP/1.1. For these reasons, it could be argued that in reality proper leverage of HTTP/2 is significantly lower and that the rate of proper adoption of the HTTP/2 protocol and its features is at the present moment slow.
	It is worth considering that due to HTTP/2 having multiplexing as its core feature, some previous performance best-practices could potentially be either rendered obsolete, an anti-pattern or arguably not worth the extra tooling effort. Concepts such as the concatenation  of multiple files in a single large file, image spriting and cookie-less domains would not be necessary to apply anymore as these challenges can be solved with multiplexing and header compression. [14, pp. 36–37]
	A good introductory material [which has been used as a reference for the above summary] is O’Reilly’s Learning HTTP/2 [14],  its’ newest edition being released in October 2010.  An online, free alternative which also strives to post updates as the protocol evolves is “http2 explained” [88]. Its standard specification can be found at the IETF’s RFC 7540. [89]








Progressive Web Apps

	Another possible future trend in web development that might impact performance related issues are Progressive Web Apps (PWAs), whose most important features are Background Sync and Service Workers.
	A service worker is a script run in parallel with the web page which acts as a proxy between the client and the server. It has the ability to intercept network requests and thus gives the developer the power to make it respond to different events. Service workers make heavy use of JavaScript promises, a mechanism for doing asynchronous operations. [90, pp. 2–3] In other words, service workers present an intuitive API around effective cache management. [91]
	Next, the Background Sync API [85, p. 73] bring Progressive Web Apps closer to native apps by making them available even when the device has no internet connectivity, by leveraging an API which allows calls to be added to a queue. Once connectivity is available again the API calls are made. As a result, the application could potentially be rendered usable in terms of viewing, editing or adding content whilst there is no internet connection.
	This potentially presents a shift in how traditional web applications would be made, with an offline-first paradigm and caching knowledge being a priority.

	Caniuse.com [93] reports a 74% compatibility for service workers, IE 11 being an exception. It is worth noting that a significant amount of the browser market share (Safari and Safari iOS, who total to 10% of global browser market share) have very recently added support for service workers (29 March 2018).
	The Background Sync API however has a significantly smaller support range
at 68%, Chrome and Chrome for Android being the sole large supporters of the API.

	A research paper points out that certain types of applications such as photo-taking native applications are faster than Progressive Web Apps. It additionally notes that whilst this is the current case, the ImageCapture API in Google Chrome is a good future candidate for camera-based PWA’s. As such, the performance penalty of PWAs in comparison to native applications can be arguably not very significant. [94]

	Increasing adoption is arguably guaranteed as several businesses are moving towards using Progressive Web Apps as the platform for their main products, businesses or services. [95] [96] [97] [98]	
	Resources available for learning about Progressive Web Apps include O’Reilly’s “Building Progressive Web Apps: Bringing the Power of Native to the Browser” [54], Manning’s “Progressive Web Apps” [99] and Packt’s “Progressive Web Apps with React” [100]. Business implementations of Progressive Web Apps can be found at pwastats.com [101] and a Progressive Web App implementation roadmap of all browsers at Jake Archibald’s “Is Service Worker Ready?” [102]

IPFS [103, p. 20] [104]

	Finally, another concept worth researching is decentralized file-sharing. IPFS (InterPlanetary File System) can be described as BitTorrent peer-to-peer data sharing combined with the versioning system of Git. As such, IPFS could serve as a system for serving and receiving web pages to/from anyone that might also have an existing copy instead of relying on a central repository. 
	For example, if a user requests a website which is traditionally hosted on the other side of the world and/or a regional CDN, IPFS could hypothetically fetch it from the nearest users or “neighbours” who also have it instead. This solves connection establishment latency issues (during round trips) as well as arguably having to set up one single centralized server for sending large amounts of copies of the same web page to multiple users asynchronously.
	According to the project’s GitHub repo native browser support for IPFS is in an infantile state. Its best support is an in-progress Chrome Extension  for simplifying access to IPFS resources [105] [106]. Looking at its trending statistics for the past few years on Google Trends however reveals a small but slowly increasing interest in IPFS in the past 12 months, as of April 2018. [107]
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In the process of doing this research I’ve learned that doing rigorous research is difficult, as well as to not under-estimate the time required to accomplish a task. Or, everything is way more complicated than it initially seems (if one doesn’t prepare in advance). I have to admit that the research would have been substantially better if I had allocated more time to it as well as organize myself around the research more thoroughly. The most difficult part of doing this research for me was having confidence to go forward with the research once I hit a roadblock. Whenever a roadblock was encountered I would postpone the research entirely for either days or 1-2 weeks and feel my confidence greatly undermined. 
I’m pretty convinced I could’ve done the research better especially in the implementation part. Research & Design are not in their best shape either. I can confidently say that the referencing to some extent is decent at least. I think I should have done more implementation than doing writing probably.
As a result, I’ve learned through my own experience to prepare properly myself for any type of project before-hand. This especially involves doing a good read-through of concepts in a topic/field before tackling them, organizing all the information/knowledge I would need properly for ease of access and discoverability, as well as doing a thorough, realistic estimation for the time required for a task to be done properly. The next thing I’ve learned is that it’s very important not to get bogged down whenever I hit a roadblock and have some confidence that exploring new areas of knowledge is not as hard as it initially seems. One day for example I couldn’t get my head around writing the Research Methodology & Implementation and Design sections so I just left  work in these sections stagnate for a couple of weeks, partially because I couldn’t fathom going through the Major Project Moodle notes and organizing them properly. Once I finally had a read through them I felt relieved to some extent although I had come to that realization a bit late and as a result the research’s quality unfortunately suffered. 




Next I’ve learned that it’s important to try and work on pieces of a project/research in small steps in order instead of in a haphazard fashion as it helps me focus on one thing at a time properly, as well as avoiding mental fatigue by doing endless context-switching. For example, when I write a report I tend to focus on the content before working on the presentation. As a result, I have to keep moving text up and down, check for spelling errors, style/place headers etc. on very large chunks of text which would have been avoided altogether if I had slowed down and been more careful in writing more methodically.
 In the end, I think that trying to balance my confidence a bit & organizing things way more thoroughly would have been most helpful. Under-estimating or over-estimating ones capabilities as well as the difficulty of a task can have a dreadful impact. Ideally, unpleasant surprises of such should be kept to a minimum to help maintain my confidence.
	I’m very grateful to have gone through this because otherwise I wouldn’t have had a concrete experience to work from; this research project I think has undoubtedly made me a better person especially when it comes to carefully probing my expectations when it comes to tacking difficulties as well as better damage control due to the consequences I’ve felt by lacking intuition/knowledge in both.
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File

	
File size
	
Fast 3G Download time

	Main Files

	Index.html
	43
	55

	Index.css
	1
	0.91

	CSS Libraries

	Bootstrap 4
	174
	976

	Foundation 6
	153
	1150

	GIF images

	1.gif
	539
	22350

	2.gif
	279
	15310

	3.gif
	1,504
	31590

	4.gif
	244
	14130

	5.gif
	65
	10460

	JPEG images

	1.jpeg
	45
	5240

	2.jpeg
	73
	9120

	3.jpeg
	111
	7190

	4.jpeg
	86
	5450

	5.jpeg
	45
	2870

	PNG images

	1.png
	5,051
	53020

	2.png
	369
	20780

	3.png
	100
	11170

	4.png
	461
	22950

	5.png
	295
	18200

	JS libraries

	Cross-storage
	15
	357

	D3
	483
	8740

	Fabric-js
	803
	11590

	jQuery
	266
	6360	

	jQuery-cookie
	4
	283

	Extra Files

	Footer.png
	0.4
	0.9

	Total Download Time
	279,342
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	Method
	No hints
	DNS-prefetch
	Preconnect
	Prerender

	DNS Lookup
	114
	31 μs
	0?
	x

	Initial connection
	361


	
392
	
0?
	
x

	SSL handshake
	
166

	
247
	
0?
	
x

	Total connection time
	
641
	
639
	
0?
	
x
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Minifier
	
File
	
Variant
	Size
	

	
	
	
	File size
	Diff
	Fast 3G
	Diff

	
	
	
	
	Nr
	%
	
	Nr
	%

	Clean-css L0
	Bootstrap 4
	Normal 
	145
	29
	16
	1950
	-974
	-99

	
	
	Gzip
	21
	153
	87
	501
	475
	48

	
	
	Brotli
	18
	156
	89
	316
	660
	67

	
	Foundation 6
	Normal 
	123
	30
	19
	1610
	-460
	-40

	
	
	Gzip
	18
	135
	88
	455
	695
	60

	
	
	Brotli
	16
	137
	89
	334
	816
	70

	Clean-css L1
	Bootstrap 4
	Normal 
	152
	22
	12
	654
	338
	34

	
	
	Gzip
	20
	154
	88
	208
	768
	78

	
	
	Brotli
	18
	156
	89
	272
	704
	42

	
	Foundation 6
	Normal 
	115
	38
	24
	574
	576
	50

	
	
	Gzip
	17
	136
	88
	446
	704
	61

	
	
	Brotli
	15
	138
	90
	241
	909
	79

	Clean-css L2
	Bootstrap 4
	Normal 
	141
	33
	18
	938
	38
	3

	
	
	Gzip
	20
	154
	88
	579
	397
	40

	
	
	Brotli
	18
	156
	89
	391
	585
	59

	
	Foundation 6
	Normal 
	108
	45
	29
	653
	497
	43

	
	
	Gzip
	17
	136
	88
	428
	722
	62

	
	
	Brotli
	15
	138
	90
	295
	855
	74

	Crass Normal
	Bootstrap 4
	Normal 
	132
	42
	24
	547
	429
	43

	
	
	Gzip
	20
	154
	88
	592
	384
	39

	
	
	Brotli
	17
	157
	90
	263
	713
	73

	
	Foundation 6
	Normal 
	105
	48
	31
	404
	746
	64

	
	
	Gzip
	16
	136
	88
	428
	722
	62

	
	
	Brotli
	14
	139
	90
	232
	918
	79

	Crass o1
	Bootstrap 4
	Normal 
	141
	36
	20
	229
	747
	76

	
	
	Gzip
	20
	154
	88
	494
	482
	49

	
	
	Brotli
	18
	156
	89
	414
	562
	57

	
	Foundation 6
	Normal 
	115
	38
	24
	256
	894
	77

	
	
	Gzip
	17
	136
	88
	374
	776
	67

	
	
	Brotli
	15
	138
	90
	383
	767
	66

	CSS-nano
	Bootstrap 4
	Normal 
	130
	44
	25
	383
	593
	60

	
	
	Gzip
	20
	154
	88
	310
	666
	68

	
	
	Brotli
	17
	157
	90
	439
	537
	55

	
	Foundation 6
	Normal 
	107
	46
	30
	661
	489
	42

	
	
	Gzip
	17
	136
	88
	267
	883
	76

	
	
	Brotli
	15
	138
	90
	414
	736
	64

	CSS-O
	Bootstrap 4
	Normal 
	140
	34
	19
	293
	683
	69

	
	
	Gzip
	21
	153
	87
	777
	199
	20

	
	
	Brotli
	17
	157
	90
	469
	507
	51

	
	Foundation 6
	Normal 
	107
	46
	30
	1270
	-120
	-10

	
	
	Gzip
	17
	136
	88
	635
	515
	44

	
	
	Brotli
	15
	138
	90
	387
	763
	66

	CSS-wring
	Bootstrap 4
	Normal 
	142
	32
	18
	297
	679
	69

	
	
	Gzip
	20
	154
	88
	477
	499
	51

	
	
	Brotli
	17
	157
	90
	326
	650
	66

	
	Foundation 6
	Normal 
	115
	38
	24
	270
	880
	76

	
	
	Gzip
	17
	136
	88
	355
	795
	69

	
	
	Brotli
	15
	138
	90
	381
	769
	66





[bookmark: _Toc512491151][bookmark: _Toc512494578]Table 4: CSS minification (total)

	
Minifier
	
Variant
	
	
	

	
	
	File size
	Diff
	Fast 3G
	Diff

	
	
	
	Nr 
	%
	
	Nr
	%

	Clean-css L0
	Normal 
	268
	59
	18
	3560
	-1434
	-67

	
	Gzip
	39
	288
	88
	956
	1170
	55

	
	Brotli
	34
	293
	89
	650
	1476
	69

	Clean-css L1
	Normal 
	267
	60
	18
	1228
	898
	42

	
	Gzip
	37
	290
	88
	654
	1472
	69

	
	Brotli
	33
	294
	89
	513
	1613
	75

	Clean-css L2
	Normal 
	249
	78
	23
	1591
	535
	25

	
	Gzip
	37
	290
	88
	1007
	1119
	52

	
	Brotli
	33
	294
	89
	686
	1440
	67

	Crass normal 
	Normal 
	237
	90
	27
	951
	1175
	55

	
	Gzip
	36
	291
	88
	1020
	1106
	52

	
	Brotli
	31
	296
	90
	495
	1631
	76

	Crass o1
	Normal 
	256
	71
	21
	485
	1641
	77

	
	Gzip
	37
	290
	88
	868
	1258
	59

	
	Brotli
	33
	294
	89
	797
	1329
	62

	CSS-nano
	Normal 
	237
	90
	27
	1044
	1082
	50

	
	Gzip
	37
	290
	88
	577
	1549
	72

	
	Brotli
	32
	295
	90
	853
	1273
	59

	CSS-O
	Normal 
	247
	80
	24
	1563
	563
	26

	
	Gzip
	38
	289
	88
	1412
	714
	33

	
	Brotli
	32
	295
	90
	856
	1270
	59

	CSS-wring
	Normal 
	257
	70
	21
	567
	1559
	73

	
	Gzip
	37
	290
	88
	832
	1294
	60

	
	Brotli
	30
	297
	90
	707
	1419
	66

















[bookmark: _Toc512491152][bookmark: _Toc512494579]Table 5: PNG to WebP

	
File
	Size
	

	
	File size
	Diff
	Fast 3G
	Diff

	
	
	Nr
	%
	
	Nr
	%

	1
	3072
	1979
	39
	39120
	13900
	26
	

	2
	223
	146
	39
	14120
	6660
	32
	

	3
	63
	37
	37
	4560
	6610
	59
	

	4
	287
	174
	37
	15360
	7590
	33
	

	5
	178
	117
	39
	12420
	5780
	31
	

	Total
	3823
	2453
	39
	85580
	40540
	32
	

























[bookmark: _Toc512491153][bookmark: _Toc512494580]JavaScript minification

	
Minifier
	
File
	
Variant
	
	
	
	

	
	
	
	
	Diff
	Fast 3G
	Diff

	
	
	
	Size
	Nr   
	%
	
	Nr
	%

	Esmangle
	Cross-storage
	Normal 
	4.3
	10.7
	71
	95
	262
	73

	
	
	Gzip
	1.6
	13.4
	89
	128
	229
	64

	
	
	Brotli
	1.4
	13.6
	90
	121
	236
	66

	
	D3
	Normal
	234
	249
	51
	5730
	3010
	34

	
	
	Gzip
	84
	399
	82
	6240
	2500
	28

	
	
	Brotli
	73
	410
	84
	5860
	2880
	32

	
	Fabric-js
	Normal
	259
	544
	67
	5370
	6220
	53

	
	
	Gzip
	75
	728
	90
	5900
	5690
	49

	
	
	Brotli
	66
	737
	91
	5500
	6090
	52

	
	jQuery
	Normal 
	86
	180
	67
	3010
	3350
	52

	
	
	Gzip
	34
	232
	87
	3030
	3330
	52

	
	
	Brotli
	66
	200
	75
	5530
	830
	13

	
	jQuery-cookie
	Normal
	1.3
	2.7
	67
	409
	-126
	-44

	
	
	Gzip
	0.6
	3.3 
	82
	133
	150
	53

	
	
	Brotli
	0.5 
	3.4 
	85
	343
	-60
	-21

	UglifyJS
	Cross-storage
	Normal 
	5.6
	9.4
	62
	117
	240
	67

	
	
	Gzip
	1.8
	13.2
	88
	133
	224
	62

	
	
	Brotli
	1.6
	13.4
	89
	104
	253
	70

	
	D3
	Normal
	343
	140
	28
	7130
	1610
	18

	
	
	Gzip
	91
	392
	81
	6820
	1920
	21

	
	
	Brotli
	84
	399
	82
	6090
	2650
	30

	
	Fabric-js
	Normal
	356
	447
	55
	6970
	4620
	39

	
	
	Gzip
	82
	721
	89
	6470
	5120
	44

	
	
	Brotli
	75
	728
	90
	5670
	5920
	51

	
	jQuery
	Normal 
	135
	131
	49
	3820
	 2540
	39


	
	
	Gzip
	38
	228
	85
	3500
	2860
	44

	
	
	Brotli
	34
	232
	87
	2960
	3400
	53

	
	jQuery-cookie
	Normal
	1.8
	2.2
	55
	54
	229
	80

	
	
	Gzip
	0.7
	3.2
	80
	0.9
	282
	99

	
	
	Brotli
	0.6
	3.3
	82
	62
	221
	78















[bookmark: _Toc512491154][bookmark: _Toc512494581]JavaScript minification (total)

	
Minifier
	
Variant
	Size

	
	
	File size
	Diff
	Fast 3g
	 Diff

	
	
	
	Nr
	%
	
	Nr
	%

	Esmangle
	Normal 
	584
	986
	62
	14614
	12716
	46

	
	Gzip
	195
	1375
	87
	15431
	11899
	43

	
	Brotli
	206
	1365
	86
	17144
	10186
	37

	UglifyJS
	Normal 
	841
	730
	46
	18091
	9239
	33

	
	Gzip
	213
	1358
	86
	16,924
	10406
	38

	
	Brotli
	195
	1376
	87
	14886
	12444
	45
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