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ABSTRACT

One of the most important considerations in embddyystems is code size. This
consideration is obviously imposed by externaldessuch as cost and physical space, but what
it boils down to is that we want our devices taalsgpowerful as they can within a (typically
limited) specific form factor. This limits the amauof space we have for memory and as such
we should always be considering the code size oapplication and making sure it's as
efficient as possible. We also then need to congitteer factors such as performance and power
consumption.

This is where the ARM architecture comes into @ladis architecture supports a dual-
width instruction set meaning that it can switclhween 16- and 32-bit instructions on the fly
with a few different instructions. This allows wsreduce our code size with an expected hit to
performance. Now that these processors are inagaspopularity, there is a lot of support for
them including GCC (GNU C Compiler) support. GCG hao flags that allow us to tell the
compiler to use these Thumb mode optimizations &/pessible. The purpose of this project is
to measure what code size reduction we see agammsimuch increase in processing time there

is for a few different processor intensive applimas.



Introduction

In embedded systems, there are many restraintsnpilie design of the system. The most
important restriction is cost. This restriction ioges limitations on every area of the planned
project. The designer/developer must make surehieagolution solves the necessary problems
in a robust and efficient way while ensuring the tost will not exceed the budget. This means
that most embedded systems deal with a limited atnafavailable memory and system
resources (as this tends to reduce both cost aygigahsize).

An interesting solution to this has been the adweéprocessors that support mixed width
instruction sets, which is the ability to have rastions of different sizes. One of the most
popular and prevalent examples of this is the ARdtpssor which is being used more and more
every day in devices such as smart phones andheddjaming consoles. The ARM processor
has what is called a "Thumb mode" which allowsghecessor to switch from a 32-bit
instruction set to a 16-bit one on the fly.

With the increased popularity of mobile and handlddvices, | wanted to see what can
be done to quickly optimize applications for thptsforms. The ARM architecture has been
improving rapidly and there is a lot of communitypport for the platform. There is also
extensive compiler and cross-compiler support wisakery easy to set up and start working
with. GCC now has built in flags to allow the usewutilize Thumb mode without needing to go
in and optimize any of the code by hand. My projediased on measuring how much code
space reduction these flags provide as well asihaffects performance when using processor

intensive applications.



Related Work

One previous report dated Aug 2003 used many diftelorms of code translation to

find varying degrees of improvement in code siz@s Experiment started off with profiling the

code for execution-time-heavy functions. They tegdeany function that took more than 5% of

the overall execution time usiggrof and modified the code in those segments basedusn f

separate heuristics (Krishnaswamy, 58). They gée@tavo versions of each of these functions,

one based on the Thumb instruction set, the otisedon the ARM instruction set. They chose

which set to use based on the aforementioned hiesri$he heuristics were as follows:

1)

2)

3)

4)

Compare the cycle counts of the Thumb version eftimction to the ARM version and
chose the one with fewer cycles. This allows thertake into account both the absolute
number of instructions and the behavior of the each

Choose the instruction set for the function basgelys on instruction counts. This
allowed them to save time in simulating as it is regjuired for this heuristic.

Using a predetermined threshdi®lo, they determined which instruction set to use thase
on whether or not the Thumb code W& smaller than the ARM code.

The final heuristic was a combination of two. Tlveyuld choose Thumb code if the
Thumb instruction count was less than the ARM ungion count or if the Thumb
instruction count was higher by no more tid® and the Thumb code size was smaller
by at leasT2% (both of these being separate predetermined thigsh (Krishnaswamy,
60)

The aforementioned method was provided as a methooarse tuning the generation of

ARM vs. Thumb code. That is, on a function levés$ ik an all or nothing approach. If the given

heuristic determines Thumb code to be used, thenbhuastruction set is used for the entire



function, and likewise for ARM instructions. Theiffered a solution for a fine grained approach
as well which was based on targeting the instradiypes (Branch, ALU, MOVE, etc) which
were most to blame for increased instruction cauthumb code. They used the functions
which Heuristic 4 determined to be best suited Witkmb code and went in by hand to change
some of the targeted instructions back to ARM ingtons to hopefully save execution time
(Krishnaswamy, 63).

They found that Heuristic 4 worked best for therseayrained solution. They were able
to achieve lower code size and instruction cacleeggnwhile still offering acceptable
performance. They also determined that the finexgthoption was not a significant
improvement due to the additionlmf statements to switch back and forth between tloe tw
instruction sets (Krishnaswamy, 64). This projeeswery relevant to my project since | am
using solely pre-generated code that requirednmetfining on the ASM level. They were able to
find a worthwhile improvement using automaticalgngrated code.

Another related project that was relevant to mykweas based on UniCore32 as
opposed to an ARM architecture which provides aigintful contrast. It is still closely related to
the work that | am doing because they both havéwligth instruction sets that allow for both
16-bit and 32-bit instructions. This is an intemggtcomparison to see if a different architecture
might perform better than the ARM processor whaihes to utilizing a dual-width instruction
set. The other interesting contrast this projectjales is that all of their optimization was fine
grained and done at link time (Xianhua, 670).

They compiled each program using the go2 flag to begin generating compact code.
This was interesting as | ran into problems withiragzation flags (as | will go into in the test

portion of the paper), though it is ultimately uated because they chose to fine grain optimize



the code at link time. They were able to find aagigant reduction in code space without a
significant impact to performance (Xianhua, 672).
Benefitsand Sacrifices

This feature, however, introduces a small probMfith the Thumb mode we are going
to save code space by using 16-bit instructionddnes that previously had 32-bit instructions
but the trade off for code space is going to beetien time. As we translate instructions from
32-bit into their 16-bit equivalents, some of whaegre previously single instructions will now
take two depending on the specific operation. énldbst case we are going to see a 1:1
translation which would be ideal as it would cutiespace in half and keep the same general
execution time and in the worst case we are garsgé a 1:2 translation which would be the
same code size and worse execution time. The avessg, however, is going to lie somewhere
between the two, we are going to have to weigh epaee against desired execution time.

Code space and power consumption are both veryrtamgiacconsiderations in the current
embedded systems market as we want to fit as nundtidbnality as we can into as little space as
possible (both physical and in terms of memorthay are correlated) and consuming as little
power as possible. The power consideration is tldpfballows our device to function for
longer periods of time on the same battery capaaitit allows us to keep the same amount of
usage time while making the package smaller bygugimore compact battery/power source.

There are a few different sacrifices we encougitezn these optimizations, however.
The first is a more limited instruction set. ARMstructions have a three address format and
allow us access to all sixteen registers in thegssor, however Thumb instructions (being 16-
bits as opposed to their 32-bit counterparts) salyports a two address format and restricts us to

accessing only eight of the registers (Krishnaswesiy. This means that we have many



considerations to make when we are deciding whdmdrere to utilize the Thumb mode of the
ARM architecture.

Thumb mode instructions also have other benefasdhen't immediately apparent. Since
the instructions and their respective instructienae smaller, the spatial proximity of these
instructions is also reduced as compared to a atdndstruction set (the standard ARM
instruction set, for example). This means that aeehbetter spatial locality in the instruction
cache and fewer cache misses overall. In additiaghis, the ARM processor also still fetches 32
bits at a time which means it is fetching two instrons at a time when we are in Thumb mode.
Thumb Instruction Set

The operation of Thumb mode hinges on a few impoitestructions in the ARM
Instruction Set. These operations tell the progesbat mode the instructions that follow the
branch will be in based on a bit in the providegister. There are four instructions that support
switching between ARM and Thumb instruction set& of them are standard and have full
support, while the other two are more limited in@e and only supported by a limited number of
variants.

The two that have full support are branch instari The first of these is the "branch
and exchange" instruction which is of the fdBx Rm The BX instruction sets the program
counter to Rm and checks the Rm[0] bit. If thisidia 1, that instruction is going to be a Thumb
instruction, if it is a 0 then it will be an ARMstruction. The second is the "branch with link and
exchange" instruction which is of the foBdX Rm. This instruction assigns the address of the
next instruction to the link register and assigns t& the program counter, it also evaluates

RmI[0] in the same way that tiBX instruction does.



The next two instructions are available in all v@ns of the ARM processor however
they have special functions for certain variantsede will only exchange and evaluate the
corresponding bit representing ARM vs. Thumb foilegvinstruction in the 5T and up variants
of the ARM architecture (that is to say the instiar itself is supported more widely, but the
they can only be used to switch modes in the afergimned variants). The first of these
instructions is the "Block data load return (andheange)” instruction which is classified with
the "Load multiple" instructions. This instructi@of the formLDM{IA|IB|DA|DB}

Rn{!}, <reglist+PC> <see Appendix I>. It loads the given registerts fge program
counter to [address][31:1], and evaluates [addi@ss] the same way as the branch instruction.
The other limited use instruction is "Block datadiareturn (and exchange) and restore CPSR"
(the CPSR is the current program status regidtas)of the formLDM{IA|IB|DA|DB}

Rn{!}, <reglist+PC>" and adds to the previous instruction the functipnaf updating

the current program status register with the vélom the saved process status register.
(Arm.com)

BOARD

For the testing portion of my project, | am usinggaision C4 Beagleboard. It is an all-
inclusive ARM based development board that is sigffitly powerful to allow me to do my
testing for this project as well as being comp&8d'3.5") and having an established
community for support if necessary. It utilizes P@Ehnology (Package on Package) which
allows both NAND and SDRAM memory to be mounteadily onto the processor. It is also a

fanless board which saves space and energy.
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Figure 1. Picture of BeagleBoard with labels. (Bebgard.org, 42)

The board comes with the TI OMAP3530DCBB72 procegguch runs at 720MHz
(Beagleboard.org, 18). This is an ARM Cortex-A8qassor (ARMv-7A architecture) which
supports Thumb-2 instructions which is necessarynp project. It has a 32KB L1 cache and a
256KB L2 cache (Tl page). The board comes with 2BEBNAND and 256MB SDDR SDRAM
running at 166MHz, it also has an onboard SD/MM@ ahd USB port which can be used for

expanded memory (via SD/MMC card or USB flash drrespectively). The Beagleboard also

9



uses the Tl TPS65950 IC to regulate power. Otreufes of this IC include stereo audio in/out,
USB 2.0 OTG, and a status LED.

The board also provides a DVI-D interface via anNH2onnector. It uses the HDMI
connector so as to conserve physical space anet mbot support the full HDMI interface
(Beagleboard.org, 20). This can be used with an HDMDVI-D cable to provide output to a
standard monitor. Also provided on board is an IDInterface which allows the use of an
IDC-10 to DB9 (RS-232) adapter for serial commutiara In addition to the USB 2.0 USB
(mini USB) connection it also contains a Type A USBinection.

The USB Type A connection allows for a great déaxpandability. It can be used to
plug in a powered USB Hub for extra USB slots, tovixle power to the board, to connect any
USB device, or to connect a USB to ethernet adapter board has a standard 5.0V power
adapter that can be purchased for it. The setaif tised it as follows. At first | started with a
mini USB to female Type A USB adapter. | purchaggmbwered USB hub which contains three
Type A USB adapters, an ethernet port, a Type B @&kpter (used to connect to the board) and
its own power adapter. | plugged this into an dudled obtained a USB Type A male to 5.5mm
power plug adapter cable which | plugged in to poe on the hub and used the power plug to
provide power to the entire board. | connectedTyyge B adapter on the hub to the mini USB to
Type A adapter | purchased for the board. Thiseesl booting issues at first as on occasion,
the board could not pull enough power from the mi8B connection. Once | pulled that out of
the equation and plugged the hub into the Typeréctly on the board | didn't face any other
power issues. This left me with two Type A USB adapon the hub as well as the USB mini to

Type A adapter which was more than enough for mpgse.
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The board contains a host of other adapters angections as well. It has a 14 pin JTAG

header which allows for advanced debugging witlA&G emulator. This was out of the scope

of this project, however it's a useful feature. Dleard also contains an S-Video out adapter, a

few status LEDs, and User and Reset buttons. Kirthk board has a spot to connect two 2x10

LCD headers to access the LCD signals. All iniel§ a very complete and self contained board.
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Figure 2. High Level Block Diagram of BeagleBoaleagleboard.org, 41).

Setting Up The Board

The first consideration for this project was to getoperating system installed on the

board. My original searches turned up with mosifpimation about an image of the Angstrom

OS ported for the ARM architecture. | started «fing their provided demo image on a

partitioned SD card, there was a boot partition aaidta partition. The SD card | used has
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roughly 1 GB of free space, and the demo imag# itsek about 650mb of that. The demo
image included everything necessary to use thedsaa fully functioning computer. It had
prepackaged libraries and a large amount of softwenluded. It had a nice, simple GUI which
would work well with the Beagleboard's HDMI to DY-adapter mentioned above.

I ran into some rather interesting issues for it few days of trying to get Angstrom
up and running properly. Every time it would babgave me an ambiguous mini USB error
with a 3 minute timeout. After this, it would bgmtoperly each time. At this point | was using a
mini USB to USB Type A female adapter which the &s plugged into (which was then
powering the board, as mentioned before). | dise/éhat the board was not able to pull
enough power from the mini USB port, so | switclieel hub to being plugged directly into the
Type A adapter on board. Once | did this, that [mmbwvent away.

After spending some time getting used to Angstrbdecided that this image was much
heavier than what | needed to use. | decided thgive myself flexibility with testing (since
available space was also a concern with this SB)chshould switch to a more compact image
as the GUI and software were unnecessary for mggsas. Using Angstrom's online image
builder, 1 was able to put together a minimal imaggh only necessary packages and
applications which lowered the image size to arolf@mb. This package did not include the
GUI as all I needed as a console. This image alseep to be troublesome at first. It was trying
to load drivers for an expansion device that | dactually have, and it was crashing on those
drivers. | built another image that trimmed somaagessary add on modules (as | had no

expansion devices connected to the board) andyfigat the entire system running smoothly.

12



Test Considerations

My main considerations when deciding on the tesesavere that | wanted applications
which were processor intensive but also ones tigat@nmonly used. | decided on using file
compression and decompression as well as somediovideo encoding or decoding. My initial
plans were to use bzip and ffmpeg, however dusstoeis with ffmpeg that will be addressed
later, I ended up using the x264 codec instead.Nitheame to deciding the exact application to
use, | went with the supplied source for each es¢happlications and compiled them directly on
board.

Originally I wanted to cross-compile for the Bedgglard but that proved to be a little
more difficult than anticipated. | was unable tadfia reliable tool chain for a Windows platform,
even considering Cygwin. | went on to then try foufive tool chains for OS X. Some of these
were "pre-built" tool chains and some of these wes&uctions on what all was needed to
effectively build your own tool chain. | ran intomplications with these as well mostly
including the compiler not being able to find cartstandard libraries. | decided the easiest
solution would be to just compile directly on-boawll could begin testing as soon as possible.
| started with downloading the standard source doma bzip to begin testing both compression
and decompression. After transferring the soundsathto the Beagleboard, | untarred it and
compiled it without issue. After transferring thecessary files to a separate directory, | edited
the Makefile to utilize GCC's Thumb compatibili§zip was a great application to get started
with as it does not require configuration prioctampiling, and the Makefile is laid out very
neatly in order to better assist with cross-contipfa However, due to aforementioned problems
| was unable to cross-compile. | added the necgd$lsays to the CFLAGS varmthumb and

-mthumb-interwork , and compiled the second version for testing. l@fitst run | had
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actually done so incorrectly, | only included tinethumb-interwork flag, compiled and
went through an entire round of testing beforeizea the two versions | compiled were in fact
identical.

For test data, | wanted a few tests with varyitgtijpes. | chose a 300mb image file for
the binary tests, and | made text only files faimpiext testing (script text at Appendix I A).
Each test was run with a single file so as to matdha tarball. The text files | used were chunks
of repeated text in 10mb, 100mb, and 400mb sizzgp(s at Appendix Il C-D). The last of those
was the largest | could conceivably fit on the S2dowvhen considering the added space of the
compressed file alongside the standard file. Thefiiles contained the same 10kb block of text
repeated throughout the file. My test plan wasaimpress the file then decompress the file
fifteen times each with the regular version, theather fifteen times with the Thumb version. |
wrote a script to automate this portion of theitgsaind output the data to a file for parsing. |
chose to run each test fifteen times so that Icctalte an average of test cases for use in the fina
results calculations. It is an amount that willegime a fairly accurate idea of the execution time
without taking far too long to run all of the te$tsad planned.

After doing the testing for zip, | moved on to ngcend application. My initial plans
were to use ffmpeg to encode and decode variogn\itks, and follow the same general
guidelines as with the previous application. Aflewnloading the source and extracting it onto
the SD card for the beagleboard, | moved on to d¢amggt. The regular version compiled with
no issues. The source for this application usemégure file with a makefile so | added the
necessary flags to the $(CFLAGS) variable in thefigamak file so that those would get used at
compile time. When | started compiling the Thumhbladed version of ffmpeg, | started getting

compiler errors. There were problems in the geedrassembly code, and the compiler error
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was "Unshifted register required”. After doing soresearch, | learned that there was no good
way around this besides digging into the assentbéfiwhich is beyond the scope of this
project. | also read that they decided specifictdlnot build Thumb support into ffmpeg because
their tests showed no significant gains by doing so

As a replacement for ffmpeg, | used the x264 cddemy second and final application.
The standard compile of this application went withissues, but | ran into a problem with the
Thumb mode again. Much like the ffmpeg source x@@&4 codec also used a configure and
makefile. After adding the flags to the config.n&ICFLAGS) variable again, | compiled only
to receive an "Offset out of range error" on mudtifiles. The existing $(CFLAGS) contained
the-O3 optimization flag which | had read sometimes ifgers with the generation of Thumb
code. | attempted to compile the codec with-tb2 flag, the—O1 flag, and the-Os flag each
separately, but they all produced the same emterdstingly, the amount of files which
produced the error went down frer®3 to—O2 and decreased again fref®2 to-O1 where
only one file gave the error. Th®s flag gave the same errors-&32. Once | removed the
optimization flags completely, it compiled withaasue.

Considering each optimization flags caused ertdrslieve that the core issue involves

some of the flags that are setH91 (as—02 and—0O3 build off of —O1). This flag turns or

fthread-jumps and—fdefer-pop always, and if supported it turns efdelay-
branch and-fomit-frame-pointer . I think that the error involvesfthread-jumps
and (if enabled)}-fdelay-branch . As we have seen from the ARM and Thumb instructio

sets, the branch statements are the most imp@sahey control the switching between the
ARM and Thumb instructions, so | think somethingsgaessed up when combining that with

mthumb and-mthumb-interwork . 1 do, however, think that this is an edge caskitis
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specific to x264 (and possibly other applicatidng, not a general large scale bug) as other
applications compile withkmthumb, -mthumb-interwork and an optimization flag without
problems.

For this test, | used three sizes of raw videsfdad encoded them using the x264
application. Due to hardware and software limitagiol was unable to add decoding to my tests
(the application would compile with only encodingpport). | used filesizes of 230mb, 720mb,
and 1.15gb. The first test was run in the same agatye bzip testing: original file stored on the
SD card, scripted to run 15 times (scripts candem st Appendix E-G). The latter two files were
too large to fit on the SD card, so | used a USBHldrive plugged into the USB hub to store the
original files, and the output files were savedoatte SD card. | originally connected the flash
drive to the mini USB to USB adapter however ifexgd from the same problems as when |
tried to use that to power the board, namely thetuld not provide enough power to the flash
drive. The flow of this test set was to compressfile, record the total compression time, then
delete the compressed file. Again | did this fifteenes for each version of the application.
Industry Standard Component

The last tests | ran were for the industry standardponent. | obtained standard 1/O for
bzip from a SPEC benchmark and modeled some testplicate the data and check my output
filesizes against theirs. The spec benchmarks sténtake each sample input file and duplicate
it a varying number of times to obtain a certaledize, then run the bzip compression and
decompression on that enlarged file. Their incrasiditn’t appear to be exact duplications, so |
was unable to perfectly mimic their test files. Make up for this, | created a script that used
cat to duplicate each file enough times to put it abeiir end filesize, then usédincate  to

get the filesize to be the same (script locatedpgendix Il I). This introduces problems in that
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there's no way of knowing that my data for thesefikes is identical to the data that was used
for the SPEC benchmark after the duplicationsehtivrote a script to mimic the output of the
benchmarks, running zip compression then decompress each file three times (one each at
levels 5, 7, and 9), and outputting the filesizesdrify at each step for each of the two versions
of the application.

The following table shows the expected result ftbtenbenchmark in addition to the
results obtained by each of my bzip applicatiomsefrh test file. The script used to generate
these results can be seen at Appendix Il H, andativeoutput of the script can be seen at
Appendix V to ensure the correct filesize at eaaimfoin the testing.

Level 5 Compression

Filename Initlal Fllesize Expected Actual (Regular) Actual (Thumb)
byoudoin.ipg 5242BE0 5189497 5189497 51B9497
chicken.jpg 31457280 31306985 31306985 31306985
dryer.ipg 2057152 1434910 1434910 1434910
input.source 293601280 54403299 54403299 54403299
liberty.jpg 31457280 219175976 21917976 21917976
text.html 293601280 22290700 22290700 22290700

Figure 3. Level 5 compression chart.

Level 7 Compression

Filename Initial Filesize Expected Actual (Regular) |Actual (Thumb)
byoudoin.jpg S5242BB0D 5170636 5170636 5170636
chicken.jpg 31457280 30427899 30427B99 30427B99
dryer.jpg 2097152 1127895 11278595 11278595
input.source 293601280 53599136 53599136 53599136
liberty.ipg 31457280 176597398 17697358 17697358
text.html 293601280 17811990 178119590 178119590

Figure 4. Level 7 compression chart.
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Level 9@ Compression

Filename
byoudoin.jpg
chicken.jpg
dryer.jpg
input.source

liberty.jpg
text.html

Results

bzip2

Initial Filesize Expected

5242880
31457280
2097152
293601280
31457280
293601280

4554254
25949409
1067335
52960821
13755071
14427351

Actual (Regular) Actual (Thumb)

4554254
25949409
1067335
52960821
13755071
14427351

Figure 5. Level 9 compression chart.

4554254
25949409
1067335
52960821
13755071
14427351

Avg Compression Time Increase

30.00%

25.00%

20.00%

15.00% -

10.00% -

5.00% -+

0.00% -

Binary

Data Type

Text

M Series1

Figure 6. Average increase in compression time eois@n.
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Avg Decompression Time Increase

30.00%

25.00% ——

20.00% ——

15.00% —— Seriesl

10.00% +—

5.00% —— — —

0.00%
Binary Text

Data Type

Figure 7. Average increase in decompression timepeoison

The original application size for the compiled lmnary is 204,305 bytes, and the
compiled size of the bzip2 binary using Thumb med&70,605 bytes. This gives us an overall
reduction of 16.5% (all percentage calculationstbedormula found in Appendix VI). This is
significantly less than what is expected by thatesl work which tended to see a decrease of
around 30%. Most of those optimizations were donkdnd as opposed to being automated.

Starting with the 300mb binary file, we see arr@ase of 15.4% in the execution time of
the compression algorithm and an increase of 2@4¥e execution time of the decompression
algorithm. That's a fairly large difference, howeweterms of absolute execution time it is not
very significant considering the average executiime for compression and decompression
were 26 minutes 6 seconds and 11 minutes 36 seceswisctively for the standard ARM

application. The raw data for this can be seenppehdix III A.
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Compression Execution Increase For Text Files

30.00%

25.00%

20.00%

15.00%
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0.00%

=== Seriesl

0 100 200 300
Input Filesize (in MB)
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Figure 8. Increase in compression time for texssfil

Decompression Execution Increase For
Text Files

16.00%
14.00%
12.00%
10.00%
8.00%
6.00%
4.00%
2.00%
0.00%

—{=—Seriesl1

0 200 400
Input Filesize (in MB)

600

Figure 9. Increase in decompression time for tibog.f
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As | moved on to testing plaintext, | started sgairslightly different trend. For the 10mb
text file, there was an increase of 26.3% in thecation time of the compression algorithm and
an increase of 14.3% in the execution time of #eodhpression algorithm (see Appendix 11l B).
This is almost exactly the opposite of the resiiéd were seen with the binary files. For the
100mb text file, there was an increase of 26.4%hénexecution time of the compression
algorithm and an increase of 7.3% in the execuiioe of the decompression algorithm see
Appendix Il C). The compression increase was idahto the smaller text file but there was a
much more acceptable increase for the decompreakjorithm. Finally, for the 400mb text file
there was an increase of 26.5% in the executioa tithe compression algorithm and an
increase of 8.1% in the execution time of the dgm@ssion algorithm (see Appendix Il D).
These are much closer to the increases of the 1@imbhe discrepancy between the 10mb file
and the other files with respect to the executiore tof the decompression algorithm is rather
interesting.

X264

The filesize for the standard x264 binary compi@dhe beagleboard is 699,899 bytes,
and the filesize for the Thumb mode x264 applicaiso857,051 bytes. This is amcr ease of
22.5% in our code size. This is an unexpected tddoklieve that is a direct result of the fact
that | had to remove all optimization flags in artie get this application to compile properly.

The x264 analysis is a little simpler than thevpes application. This is due to the fact
that | only used one file type as input (raw vidiées) and only performed one task with the
application (encoding at 720p) due to limitatiotarting with the 230mb raw video file, there
was an increase of 135.2% in the encoding timeAppendix IV A). The tests on the 780mb

raw video file showed an increase of 135.3% inetheoding time (see Appendix IV B). Finally,
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the 1.15gb raw video file showed an increase of4%8n the encoding time (see Appendix IV
C). These are all very close together and arefgignily higher than the results seen with the
bzip application. One thing that's worth notingrégards to the absolute execution time data for
the x264 encoding tests is that the 230mb file kgad from and the encoded file was written to

the SD card whereas the 780mb and 1.15gb files reatfrom the USB flash drive and had the

Increase In Execution Time For x264 Encoding
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encoded files written to the SD card.

Conclusions

bzip2

On average, bzip2 sees an increase of around 25%ext files, less for binary) in
compression execution and an increase of around(id%ext files, greater for binary in this
case) in decompression execution. We can expeictibaverage input data case will be some
combination of the two. | believe that this is @eeptable increase in execution time alone,
however we are only getting around 15% reductiotoitle size which, while nice, isn’t as
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significant as we would like for most embedded eystlesigns. | would really only use it if the
15% decrease was absolutely necessary for my system

There was, however, an outlier in the text dec@®gion data. The increase for the 10mb
decompression was much more significant (almosblgyuhan the other two data points.
Looking at the raw data, the comparison for this watual — 7 seconds and Experimental — 8
seconds. | believe the true value is much smafidrcdoser if not lower than the 7% and 8% we
saw with the larger text files, however, due tordsolution being one second, | was unable to
get detailed enough data to prove this.

x264

The outcomes of the x264 tests were surprisihgve so far been unable to find
published works which share the significant incesiascode size for the Thumb version of this
application. | understand that, if done in an etyisuboptimal way, the code siean increase.
In theory this would be cause by using too many type functions for code segments that are
too short or incorrectly formed to actually bené&fiim switching to the Thumb instruction set.
Incorrectly formed code segments would be areasenthe amount of Thumb instructions used
in that segment plus one 32-bit instruction and Déubit instruction (dorx type instruction to
enter thumb mode and another to exit) is greager thvo times the number of ARM instructions
it would take to perform the task of that code seginThis would cause the overall code size of
the necessary Thumb segment to be larger tharotteesize of the equivalent ARM segment.

The overall data itself left much to be desiredvali. An increase of 135% in execution
time is unacceptable unless being balanced bynéisantly large decrease in code size as well
as being in a system where both 1) the code sizedse was absolutely necessary and 2) the

execution time was not critical. Another downsidéte large increase in execution time is that
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it will consume more power as well. This makesdheent automated Thumb code generation
for this application entirely undesirable.

Overall

The data appears to be highly volatile overai.dependent on a very large number of
factors including, but not limited to, applicatitype and input data type for the given
application. | do not feel that the current stft&GC support for automatic generation of
Thumb code is optimal. Given the large number ofdes present, it's unlikely to be a good
general solution to use if you are looking for #iigant improvements and really getting the
most out of this architecture. | believe that & fhoint in time, fine tuned and hand based
optimizations will be much more beneficial.

FutureWork

There are a lot of things that this project caml lea First of all | would like to see results
for similar applications running in a more commambedded system such as the iPhone. | know
there is some Thumb support but | have not dondearepearch to know the extent of that
support.

I would also like to further investigate exactlywhthe compiler makes its decisions for
which code segments it decides to translate to Thewde in hopes of being able to improve on
what is already there. Having GCC support for Thusnteally a great thing because it makes
these optimizations more accessible, and if thoséngproved upon it could mean great things.
Reaching the point where you could be confident tisang these flags would provide a
reasonable decrease in code size without a signifiocrease in execution time would be great
for the embedded system community (of course, tiealsle” and “significant” in and of

themselves are subjective terms and mostly depe¢wdethe specific project). Finally, | would
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love to research more into hand optimization speadlfy on a somewhat automated level such as
the related work with heuristics to on which tonfodecisions regarding which areas of the code

should be translated.
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APPENDI X

I. ARM ISA Instruction Key

Key to Tables

Bm {, <opsh=}
cUperandi=
cfieldg=
cPERR

G, A
<Helsh»

Y
<immBm>
cprefixs.
{In|1B|DA OB}

cgize=

See Table Register, optionally shifted by constant

See Tuble Flexible Operand 2. Shift and rotate are only avalable as part of Operand?.

See Table PSA fields.

Exther CPSR (Current Processor Status Register) or SPSR (Saved Processor Status Register)

Flag 15 unpredictable in Architecture v4 and earlier, unchanged in Architecture v5 and later.

Cun be By or an immediate shift value. The values allowed for each shaft tvpe are the same as those
shown in Table Register, optionally shifted by constant

B meantng half-register [ 15:0], or T meaming [21:16).

| ARM: a 32-bit constant, formed by nght-rotating an 8-bit value by an even number of bits.

Thumb: a 32-bit constant, formed by lefi-shifting an &-bit value by any number of bats, or a bit
pattern of one of the Torms TOCY XY XYY, OO0 00X or w2 Y0 YO0,

See Tuble Prefixes for Parallel instructions

[nerement Afler, [nerement Before, Decrement After, or Decrement Belore.
I8 and 24 are not available in Thumb state. IF omstied, defaolis o DA

B, 5B, H, or SH, meaning Byte, Signed Byte, Halfword, and Signed Halfword respectively.
5B and SE are nod available in STR instructions,

craglist=
<reglist-D{>
creglist-Dl»
b

8
<iflags=>
g modes
5Fm
clshx
cwidith>
LK}

L1}

{3}

{T}

(R}

| A comma-separated [t of registers, enclosed in braces | and |.
As <regliscy, must not include the PC.

As<raglists, including the PC.

4 or — {+ may be omitted.)

See Tuble ARM architecture versions.

Interrupt flags. One or more of a, i, £ (abort, intermupt. fast intermupt).
See Table Processor Modes

5P for the processor mode speciiied by <p_modes

Least sigmificant bit of bitfeld.

Width of batfield. cwidths + «<Igh= must be <= 32,

EsX 15 Bs rotated 16 bits of X present. (therwise, B=X 1s Ks.
Updates base register afier datu transfer of | present (pre-indexed).
Updates condition flags of S5 present.

User mode prvilege if T present.

Founds result 1o nearest if K present, otherwise truncates result.

II. Scripts for automation.

A. Testing bzip with 300mb binary file

#!/bin/bash
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LIMIT=15

echo "300mb ISO Regular"
for ((a=0; a < LIMIT; a++))
do
echo "Compress"
echo -n ""date +%T" |"
Japplications/bzip-reg/bzip2 -zq data.iso
echo " "date +%T ™
echo "Decompress”
echo -n ""date +%T" |"
Japplications/bzip-reg/bzip2 -dq data.iso.bz2
echo " "date +%T™"
done

echo "300mb ISO Thumb"
for ((a=0; a < LIMIT; a++))
do
echo "Compress”
echo -n ""date +%T" |"
Japplications/bzip-thumb/bzip2 -zq data.iso
echo " "date +%T™
echo "Decompress”
echo -n "date +%T" |"
Japplications/bzip-thumb/bzip2 -dq data.iso.bz
echo " ‘date +%T™
done

exit 0

B. Testing bzip with 10mb text file

#!/bin/bash
LIMIT=15

echo "10mb Text File Regular"
for ((a=0; a < LIMIT; a++))
do
echo "Compress"
echo -n "date +%T" |"
Japplications/bzip-reg/bzip2 -zq 10mb_text.txt
echo " "date +%T ™
echo "Decompress”
echo -n ""date +%T" |"
Japplications/bzip-reg/bzip2 -dg 10mb_text.txt
echo " "date +%T™
done

echo "10mb Text File Thumb"
for ((a=0; a < LIMIT; a++))
do

.bz2
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echo "Compress"
echo -n ""date +%T" |"
Japplications/bzip-thumb/bzip2 -zq 10mb_text.t
echo " "date +%T™
echo "Decompress”
echo -n ""date +%T" |"
Japplications/bzip-thumb/bzip2 -dq 10mb_text.t
echo " "date +%T™
done

exit 0
C. Testing bzip with 100mb text file

#!/bin/bash
LIMIT=15

echo "100mb Text File Regular"
for ((a=0; a < LIMIT; a++))
do
echo "Compress”
echo -n "date +%T" |"
Japplications/bzip-reg/bzip2 -zq 100mb_text.tx
echo " "date +%T™"
echo "Decompress”
echo -n "date +%T" |"
Japplications/bzip-reg/bzip2 -dg 100mb_text.tx
echo " "date +%T ™
done

echo "100mb Text File Thumb"
for ((a=0; a < LIMIT; a++))
do

echo "Compress"

echo -n ""date +%T" |"

Japplications/bzip-thumb/bzip2 -zq 100mb_text.

echo " “date +%T™"
echo "Decompress”
echo -n ""date +%T" |"

Japplications/bzip-thumb/bzip2 -dq 100mb_text.

echo " “date +%T™"
done

exit 0

D. Testing bzip with 400mb text file
#!/bin/bash

LIMIT=15

echo "400mb Text File Regular"

xt

xt.bz2

t.bz2

txt

txt.bz2
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for ((a=0; a < LIMIT; a++))
do
echo "Compress”
echo -n "date +%T" |"
Japplications/bzip-reg/bzip2 -zq 400mb_text.tx
echo " "date +%T™
echo "Decompress"
echo -n ""date +%T" |"
Japplications/bzip-reg/bzip2 -dg 400mb_text.tx
echo " "date +%T™
done

echo "400mb Text File Thumb"
for ((a=0; a < LIMIT; a++))
do
echo "Compress"
echo -n ""date +%T" |"
Japplications/bzip-thumb/bzip2 -zq 400mb_text.
echo " "date +%T™
echo "Decompress”
echo -n ""date +%T" |"
Japplications/bzip-thumb/bzip2 -dq 400mb_text.
echo " "date +%T™
done

exit 0

E. Testing x264 encoding with 230mb raw video file

#!/bin/bash

LIMIT=15
FILENAME=/home/root/testout

echo "230mb, Regular"”
for ((a=0; a < LIMIT; a++))
do
echo -n "date +%T" |"
Japplications/x264-reg/x264 --crf 24 --input-res
1280x720 -o testout raw_230mb.mov
echo " "date +%T™
FILESIZE=$(stat -c%s "$FILENAME")
echo "Compressed filesize: $FILESIZE"
rm testout
done

echo "230mb, Thumb"
for ((a=0; a < LIMIT; a++))
do
echo -n "date +%T" |"
Japplications/x264-thumb/x264 --crf 24 --input-re
1280x720 -o testout raw_230mb.mov
echo " "date +%T™

t.bz2

txt

txt.bz2
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FILESIZE=$(stat -c%s "$FILENAME")
echo "Compressed filesize: $FILESIZE"
rm testout

done

exit 0
F. Testing x264 encoding with 780mb raw video file

#!/bin/bash

LIMIT=15
FILENAME=/home/root/testout

echo "REGULAR, NON THUMB"

for ((a=0; a < LIMIT; a++))

do
echo -n "date +%T" |"
Japplications/x264-reg/x264 --crf 24 --input-res

1280x720 -o testout /mnt/USB/raw_780mb.mov
echo " "date +%T™
FILESIZE=$(stat -c%s "$FILENAME")
echo "Compressed filesize: $FILESIZE"
rm testout

done

echo "THUMB MODE"

for ((a=0; a < LIMIT; a++))

do
echo -n "date +%T" |"
Japplications/x264-thumb/x264 --crf 24 --input-re

1280x720 -o testout /mnt/USB/raw_780mb.mov
echo " "date +%T™
FILESIZE=$(stat -c%s "$FILENAME")
echo "Compressed filesize: $FILESIZE"
rm testout

done

exit 0

G. Testing x264 encoding with 1.15gb raw video file

#!/bin/bash

LIMIT=15
FILENAME=/home/root/testout

echo "REGULAR, NON THUMB"
for ((a=0; a < LIMIT; a++))
do
echo -n ""date +%T" |"
Japplications/x264-reg/x264 --crf 24 --input-res
1280x720 -o testout /mnt/USB/raw_1_15gb.mov
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echo " "date +%T™
FILESIZE=$(stat -c%s "$FILENAME")
echo "Compressed filesize: $FILESIZE"
rm testout

done

echo "THUMB MODE"

for ((a=0; a < LIMIT; a++))

do
echo -n "date +%T" |"
Japplications/x264-thumb/x264 --crf 24 --input-re

1280x720 -o testout /mnt/USB/raw_1_15gb.mov
echo " "date +%T™
FILESIZE=$(stat -c%s "$FILENAME")
echo "Compressed filesize: $FILESIZE"
rm testout

done

exit 0

H. Script for industry standard testing

#!/bin/bash

BYOUDOINJPG=/home/root/byoudoin.jpg
BYOUDOINBZ=/home/root/byoudoin.jpg.bz2
CHICKENJPG=/home/root/chicken.jpg
CHICKENBZ=/home/root/chicken.jpg.bz2
DRYERJPG=/home/root/dryer.jpg
DRYERBZ=/home/root/dryer.jpg.bz2
LIBERTYJPG=/home/root/liberty.jpg
LIBERTYBZ=/home/root/liberty.jpg.bz2
INPUT=/home/root/input.source
INPUTBZ=/home/root/input.source.bz2
TEXT=/home/root/text.html
TEXTBZ=/home/root/text.html.bz2

# byoudoin.jpg block

echo "byoudoin.jpg, regular”

FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-reg/bzip2 -zv5 byoudoin.jpg
FILESIZE=$(stat -c%s "$BYOUDOINBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv byoudoin.jpg.bz2
FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-reg/bzip2 -zv7 byoudoin.jpg
FILESIZE=$(stat -c%s "$BYOUDOINBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv byoudoin.jpg.bz2
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FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-reg/bzip2 -zv9 byoudoin.jpg
FILESIZE=$(stat -c%s "$BYOUDOINBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv byoudoin.jpg.bz2
FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "End filesize: $FILESIZE"

# byoudoin.jpg thumb block

echo "byoudoin.jpg, thumb"

FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-thumb/bzip2 -zv5 byoudoin.jpg
FILESIZE=$(stat -c%s "$BYOUDOINBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv byoudoin.jpg.bz
FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-thumb/bzip2 -zv7 byoudoin.jpg
FILESIZE=$(stat -c%s "$BYOUDOINBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv byoudoin.jpg.bz
FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-thumb/bzip2 -zv9 byoudoin.jpg
FILESIZE=$(stat -c%s "$BYOUDOINBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv byoudoin.jpg.bz
FILESIZE=$(stat -c%s "$BYOUDOINJPG")

echo "End filesize: $FILESIZE"

# chicken.jpg block

echo "chicken.jpg, regular”

FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-reg/bzip2 -zv5 chicken.jpg
FILESIZE=$(stat -c%s "$CHICKENBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv chicken.jpg.bz2
FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-reg/bzip2 -zv7 chicken.jpg
FILESIZE=$(stat -c%s "$CHICKENBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv chicken.jpg.bz2
FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "End filesize: $FILESIZE"
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echo "Level 9 compression”
Japplications/bzip-reg/bzip2 -zv9 chicken.jpg
FILESIZE=$(stat -c%s "$CHICKENBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv chicken.jpg.bz2
FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "End filesize: $FILESIZE"

# chicken.jpg thumb block

echo "chicken.jpg, thumb"

FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-thumb/bzip2 -zv5 chicken.jpg
FILESIZE=$(stat -c%s "$CHICKENBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv chicken.jpg.bz2
FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-thumb/bzip2 -zv7 chicken.jpg
FILESIZE=$(stat -c%s "$CHICKENBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv chicken.jpg.bz2
FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-thumb/bzip2 -zv9 chicken.jpg
FILESIZE=$(stat -c%s "$CHICKENBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv chicken.jpg.bz2
FILESIZE=$(stat -c%s "$CHICKENJPG")

echo "End filesize: $FILESIZE"

# dryer.jpg block

echo "dryer.jpg, regular”

FILESIZE=$(stat -c%s "$DRYERJPG")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-reg/bzip2 -zv5 dryer.jpg
FILESIZE=$(stat -c%s "$DRYERBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv dryer.jpg.bz2
FILESIZE=$(stat -c%s "$DRYERJPG")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-reg/bzip2 -zv7 dryer.jpg
FILESIZE=$(stat -c%s "$DRYERBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv dryer.jpg.bz2
FILESIZE=$(stat -c%s "$DRYERJPG")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-reg/bzip2 -zv9 dryer.jpg
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FILESIZE=$(stat -c%s "$DRYERBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv dryer.jpg.bz2
FILESIZE=$(stat -c%s "$DRYERJPG")

echo "End filesize: $FILESIZE"

# dryer.jpg thumb block

echo "dryer.jpg, thumb"

FILESIZE=$(stat -c%s "$DRYERJPG")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-thumb/bzip2 -zv5 dryer.jpg
FILESIZE=$(stat -c%s "$DRYERBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv dryer.jpg.bz2
FILESIZE=$(stat -c%s "$DRYERJPG")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-thumb/bzip2 -zv7 dryer.jpg
FILESIZE=$(stat -c%s "$DRYERBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv dryer.jpg.bz2
FILESIZE=$(stat -c%s "$DRYERJPG")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-thumb/bzip2 -zv9 dryer.jpg
FILESIZE=$(stat -c%s "$DRYERBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv dryer.jpg.bz2
FILESIZE=$(stat -c%s "$DRYERJPG")

echo "End filesize: $FILESIZE"

# liberty.jpg block

echo "liberty.jpg, regular”

FILESIZE=$(stat -c%s "$LIBERTYJIPG")
echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-reg/bzip2 -zv5 liberty.jpg
FILESIZE=$(stat -c%s "$LIBERTYBZ")
echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv liberty.jpg.bz2
FILESIZE=$(stat -c%s "$LIBERTYJIPG")
echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-reg/bzip2 -zv7 liberty.jpg
FILESIZE=$(stat -c%s "$LIBERTYBZ")
echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv liberty.jpg.bz2
FILESIZE=$(stat -c%s "$LIBERTYJIPG")
echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-reg/bzip2 -zv9 liberty.jpg
FILESIZE=$(stat -c%s "$LIBERTYBZ")
echo "Compressed filesize: $FILESIZE"
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Japplications/bzip-reg/bzip2 -dv liberty.jpg.bz2
FILESIZE=$(stat -c%s "$LIBERTYJIPG")
echo "End filesize: $FILESIZE"

# liberty.jpg thumb block

echo "liberty.jpg, thumb"

FILESIZE=$(stat -c%s "$LIBERTYJIPG")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-thumb/bzip2 -zv5 liberty.jpg
FILESIZE=$(stat -c%s "$LIBERTYBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv liberty.jpg.bz2
FILESIZE=$(stat -c%s "$LIBERTYJIPG")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-thumb/bzip2 -zv7 liberty.jpg
FILESIZE=$(stat -c%s "$LIBERTYBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv liberty.jpg.bz2
FILESIZE=$(stat -c%s "$LIBERTYJIPG")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-thumb/bzip2 -zv9 liberty.jpg
FILESIZE=$(stat -c%s "$LIBERTYBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv liberty.jpg.bz2
FILESIZE=$(stat -c%s "$LIBERTYJIPG")

echo "End filesize: $FILESIZE"

# input.source block

echo "input.source, regular”

FILESIZE=$(stat -c%s "$INPUT")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-reg/bzip2 -zv5 input.source
FILESIZE=$(stat -c%s "$INPUTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv input.source.bz2
FILESIZE=$(stat -c%s "$INPUT")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-reg/bzip2 -zv7 input.source
FILESIZE=$(stat -c%s "$INPUTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv input.source.bz2
FILESIZE=$(stat -c%s "$INPUT")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-reg/bzip2 -zv9 input.source
FILESIZE=$(stat -c%s "$INPUTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv input.source.bz2
FILESIZE=$(stat -c%s "$INPUT")
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echo "End filesize: $FILESIZE"

# input.source thumb block

echo "input.source, thumb"

FILESIZE=$(stat -c%s "$INPUT")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-thumb/bzip2 -zv5 input.source
FILESIZE=$(stat -c%s "$INPUTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv input.source.bz
FILESIZE=$(stat -c%s "$INPUT")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-thumb/bzip2 -zv7 input.source
FILESIZE=$(stat -c%s "$INPUTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv input.source.bz
FILESIZE=$(stat -c%s "$INPUT")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-thumb/bzip2 -zv9 input.source
FILESIZE=$(stat -c%s "$INPUTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv input.source.bz
FILESIZE=$(stat -c%s "$INPUT")

echo "End filesize: $FILESIZE"

# text.html block

echo "text.html, regular”

FILESIZE=$(stat -c%s "$TEXT")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-reg/bzip2 -zv5 text.html
FILESIZE=$(stat -c%s "$TEXTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv text.html.bz2
FILESIZE=$(stat -c%s "$TEXT")

echo "End filesize: $FILESIZE"

echo "Level 7 compression"”
Japplications/bzip-reg/bzip2 -zv7 text.html
FILESIZE=$(stat -c%s "$TEXTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv text.html.bz2
FILESIZE=$(stat -c%s "$TEXT")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-reg/bzip2 -zv9 text.html
FILESIZE=$(stat -c%s "$TEXTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-reg/bzip2 -dv text.html.bz2
FILESIZE=$(stat -c%s "$TEXT")

echo "End filesize: $FILESIZE"
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# text.html thumb block

echo "text.html, thumb"

FILESIZE=$(stat -c%s "$TEXT")

echo "Starting filesize: $FILESIZE"

echo "Level 5 compression”
Japplications/bzip-thumb/bzip2 -zv5 text.html
FILESIZE=$(stat -c%s "$TEXTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv text.html.bz2
FILESIZE=$(stat -c%s "$TEXT")

echo "End filesize: $FILESIZE"

echo "Level 7 compression”
Japplications/bzip-thumb/bzip2 -zv7 text.html
FILESIZE=$(stat -c%s "$TEXTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv text.html.bz2
FILESIZE=$(stat -c%s "$TEXT")

echo "End filesize: $FILESIZE"

echo "Level 9 compression”
Japplications/bzip-thumb/bzip2 -zv9 text.html
FILESIZE=$(stat -c%s "$TEXTBZ")

echo "Compressed filesize: $FILESIZE"
Japplications/bzip-thumb/bzip2 -dv text.html.bz2
FILESIZE=$(stat -c%s "$TEXT")

echo "End filesize: $FILESIZE"

exit 0
I. File resize script for industry standard tests

#!/bin/bash

#Build and truncate files

cat chicken.jpg chicken.jpg > 1
cat11>2

cat22>3

cat33>4

cat44>5

cat55>6

truncate -s 31457280 6

rm chicken.jpg 12345

mv 6 chicken.jpg

cat input.source input.source > 1
cat11>2

cat22>3

truncate -s 293601280 3

rm input.source 1 2

mv 3 input.source

cat liberty.jpg liberty.jpg > 1
cat11>2
cat22>3
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cat33>4

cat44>5

cat55>6

cat66>7

truncate -s 31457280 7
rm liberty.jpg 123456
mv 7 liberty.jpg

cat text.html text.html > 1
catl11>2

cat22>3

cat33>4

cat44>5

cat55>6

cat66>7

cat77>8

cat88>9

cat99>a

cataa>b

catbb>c

truncate -s 293601280 c
rmtext.html123456789ab
mv ¢ text.html

cat dryer.jpg dryer.jpg > 1
cat11>2

cat22>3

truncate -s 2097152 3

rm dryer.jpg 1 2

mv 3 dryer.jpg

cat byoudoin.jpg byoudoin.jpg > 1
cat11>2

cat22>3

truncate -s 5242880 3

rm byoudoin.jpg 1 2

mv 3 byoudoin.jpg

exit 0

lll. Data tables for bzip execution times.

A. 300mb binary file

i. Regular application
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300mb binary file

Regularapplication

Compresslon
End

Start

i

SRl el v w e RR N R R R WU ST R PR R LS

0B
45
123
00
(38
116!
154
131
NG
47
125
D2
40
(18
155:

10
34
16
48
3B
21
06

154

39
21
12
52
33
18
58

=0T T JERENCRY. ST RN RN U S S

i

]
=
=

AVG

Thumb application
Compression

Start

i0:

11

12:
12:
13:
14:
15:
15:
16:
17
18:
16:
15
200

21

EEH
V18
03
47
32
16!
133

01

46
114

31

15:
oo
45:
30
15:
HiliH

39
20
oo
43
(=]
39

D&

56
36
15
oo
32
42

End

11
11

12:
13:
14:
14:
15:
16:
17:
17:
1B:
19:
20
20:

21

SUM
AVG

134
11
49
26
(04
g2
c20
(58!
135!
(13
51
126!
06
1d4q
22

Thumb application

12

(38

20
53
42
24
15
02
48
33

115

56
42
22
0s

Duration

0:

oo oo Do

Increase In execution time
Compressio 15.3531741
Decompress 26.3934112

B. 10mb text file

26!
26
126!
126!
126
126!
126!
126!
2B
i
126
2B
i
126
2B
131
126!

Duration
(0348 D30
4B 25 0:30:
33:02 0:30:
17:36 0:29:
0D2:13 D30
4654 D30
31:33 b330
16:25 D30
01:23 0:30:
45:56 0:30:
30:38 0:30:
15:21 D30
no:11 D30
45:52 b330
13036 b:25:

7131
0:30:
Results

02
04
04
05
04
03
09
0B
09
12
03
04
oG
04
o7

27

0e

1]
=]
02
53
04
15
oo
23
]
oo
02
0e
11
20
54

133

0e

Decompression

Start

(=R el el R N RN R R WU T < PR LN L

i

134
111
-3 5
126!
(04
-l
120
(5B8:
135!
(13
151
2B
il
(g4
122

12

138

20
53
42
24
15
02
48
33

115

56
44
22
05

End

D WD DD OO L B P Lad L B

¥y
[
==

AVG

Decompression

Start
11
11

12:
13:
14:
14:
15:
16
17
17
18:
19
200
200

21

HiEH
AE:
33
17
02
46!
133

31

16:
23

01

45
30
15:
oo
45:
P30

48
25
02
36
13
54

29

56
38
21
11
52
36

End
11

12:
12:
13:
14:
15:
15:
16:
17:
1B:
1B:
19:
20

21

21
SUM
AVG

145
23
o0
136
16
154
131
09
g7
25
02
g0
V18
155
133

(16
03:
47
32:
16:
133

01

46:
114

31

15:
oo:
45:
30:
15:
00
145

34
16
48
38
21
=]

154

39
21
12
32
33
18
]
39

20
oo
43
05
39

06

56
36
15
oo
32
42
10

Duration

0:
111
(11
(11
111
111
(11
111
111
111
111
(11
111
111
(11
154
(11

oK DO oo OoDooooD

11

Duration

o

Qwo oo ooooooo oo oo

14:
114
114
114
114
114
114
114
114
114
114
114
115
114
114
139
114

122
(38
(2B
145
139
-]
135
(37
133
138
137
137
(3B
136
134

02

136

32
35
11
33
26
39
33
45

133

40
37
39
21
50
34
58
40

39



10mb text file
Regular application
Compression

Start

151

O S S S = = A =0 = W = = ]

(30
134
(3E:
143
147
140
155:
(00
04
0B
112
(17
121
125
129

27
43
5B
12
26

Compression

Start

111

P Podt Pl Pl Pl Pl BD Pl P B

Increase In execution time
26.3214671

134
139
44
150
155
00
06
123
(16
2T
22
132
(3B
43
-1

oo
20
39
04
249
43
03

44
24
04
45
0%
24
44

Regular application

End

HHHH R RO O DD o
=]
(=]

sSuUmM
AVG

End Duration
1:359:12 0:05:
1:44:32 0:05%:
1:49:55 0:05:
1:55:16 0:05:
2:00:35 0:05%:
2:05:55 0:05%:
2:11:15 0:05:
2:16:35 0:0s:
2:21:56 0:05%:
2:32:37 0:05:
212716 0:05:
2:37:57 0:05%:
2:43:17 0:05:
2:4B:36 0:05:
2:53:56 0:05:

SUM 1:18:

AVG 0:05:

iii. Results

Compression

Decompression 14.2B57143

Thumb application

C. 100mb text file

Regular application

ocCHoODDODOoOOoOOoODoDOoOOooooDoD

Duration
0:04:
0:04:
04
04
104
104
(04
04
04
104
104
(04
04
04
104
01
(04

12
12
16
12
11
12
12
12
12
13
12
12
12
12
12
04
12

Pl Podt Pl fod Podi Pl b Pl P Bl P

HHHH R RO O DD o

134
138!
143
47
151
155
(00
(04
(0B
112
116

139
144
49
155
00
05
111
116
121
2T
i e
137
143
A
153

3B
51
05
19

133

47
01
i5
29
43
57

12
32
55
16
35
55

115

i5

156

16
37
57
17
36
56

Decompression
Start

End

S5UmM
AVE

Decompression
Start

End

SUM
AVG

HHHHRHHRHRHODODOOD

Pol Pudl Pl Pud Pudl Pl Pl Pl Pl Pl ol

(39
44d
50
12q
VY
N
111
16
22
27
i
(3B
43
B
154

43
‘5B
112
(2B
40
154
(DB
(22
(36
150
(0g
(18
132
5]
00

20
is
04

43
03

23

44
)
24
45
0s
24
44
04

Duration

CoDDDooooDDooooDDo oo

00
00
(00
00
00
00

Duration

0:

(e R o e o R o Y e o o Y e e e e R e e e e}

oo:
00
00
00
00
00
00
00
00
00
00
00
00
00
00
02
00

0B
07
0g

DB
DB
0B
05
DB
0B
0B
DB
07
0B
D8
0o

40



100mb text file
Regular application
Compression

Start End
1:04:59 1:46:
1:48:08 2:29:
2:31:07 3112
3:14:14 3:55:
3:57:13 q4:38:
4:40:13 5:21
5:23:07 G:04:
B:0G:07F 647!
£:49:09 7130
Fi32:22 B:13:
B:15:23 B:56:
BB 2B 5:39:
G:41:26 10:22:

10:24:17 11:05:
11:07:1e 11:48:
SUM
AVG

Compression

Start

111

P Podt Pl Pl Pl Pl BD Pl P B

134
139
44
150
155
00
06
123
(16
2T
22
132
(3B
43
-1

End
(]
20
39
04
24
43
03

44

24

04

45

0%

24

44
SUM
AVG

32
35
37
42
39
(3B
3is
39
3B
44
50
52
51
4.4
45

Duration

[
CcDoooo oo oo oo oo oo

41
41
41
41
41
41
41
141
41
41
41
41
gl
4l
4]

122

41

133
130
130
(2B
126
125
(2B
132
27
27
27
2B
125
27
129
oo
(2B

Thumb application

Duration

1:359:12 0:05:
1:44:32 0:05%:
1:49:55 0:05:
1:55:16 0:05:
2:00:35 0:05%:
2:05:55 0:05%:
2:11:15 0:05:
2:16:35 0:0s:
2:21:56 0:05%:
2:32:37 0:05:
212716 0:05:
2:37:57 0:05%:
2:43:17 0:05:
2:4B:36 0:05:
2:53:56 0:05:

1:18:

0:05:

Results

Increase in exeution time
Compression
Decompression

26.3451233
7.2B571425

D. 400mb text file

Regular application

12
12
16
12
11
12
12
12
12
13
12
12
12
12
12
04
12

Decompression

Start

WO O s O O LA B Ll Lad P

10
11
11

1Y
125
112
155:
(38
121
104
-
130
113
156
139
122
(05
AR

iz
is
iv
42
39
3B
is
39
36
45
50
52
51
44
45

End

WD 0D s O O L B Lad Lak P

=
=

[
[

[
[

SUM

AVG

Decompression

Start

Pl Podt Pl fod Podi Pl b Pl P Bl P

139
144
49
155
00
05
111
116
121
2T
i e
137
143
A
153

12
32
55
16
35
55
15
i5
56
16
37
57
17
36
56

End

SUM
AVG

Pol Pudl Pl Pud Pudl Pl Pl Pl Pl Pl ol

B
31
114
(57
40
23
06
- F
32
(15
=18
41
124
VOF
(50

(39
44d
50
155
VY
N
111
16
22
27
i
(3B
43
B
154

04

i

14
13
13
o7y
o7
05
22
23
i

2B

17
1a
20

20
is
04
24
43
03

44
)
24
45
0s
24
44
04

Duration

[ e R e Y e B e D e B e B e R e Y e e o R e e ) e e e}

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
23
01

Duration

0:

(e R o e o R o Y e o o Y e e e e R e e e e}

oo:
00
00
00
00
00
00
00
00
00
00
00
00
00
00
02
00

132
132
137
131
134
1259
132
130
1]
134
136
134
126
132
135

20

133

0B
07
0g
0B
DB
DB

05
DB
0B
0B
DB
07
0B
D8
0o
0B

41



400mb text file

Regular application

Compression

Start End Duraticn

0:28:10 3:14:32 24622
3:20:36 G N 2:146:01
B:12:559 B:58:52 2:45:53
S:04:47 11:50:38 2:45:51
11:56:23 14:42:12 2:45:4%9
14:48:15 17:34:07 2:45:52
17:40:16 20:26:08 2:45:52
20:32:21 23:18:08 2:45:47
23:23:53 2:056: 38 2:45:45
2:15:34 5:01:27 2:45:53
5:07:12 7:53:06 2:45:54
7:568:54 10:44:42 2:45:48
10:50:43 13:36:30 2:45:47
13:42:18 16:28:08 2:45:50
16:33:55 15:15:48 2:45:53
SUM 17:28:17

AVG 2:45:53

il. Thumb application

Thumb application
Compression
Start End Duration

19:25:35 22:55:11 3:29:36
23:01:52 2:31:30 3:29:38
2:37:41 B:07: 19 3:29:38
£:13:45 G:43:20 3:29:35
G:50:00 13:19:41 3:29:41
13:25:59 16:55:38 3:29:39
17:01:51 20:31:27 3:29:36
20:37:49 0:07:24 3:29:35
0:13:51 3:43:25 3:29:34
3:459:54 711528 3:29:34
Fide0l 10:55:38 3:29:37
11:01:53 14:31:34 3:29:41
0:56:34 4:27: 18 3:30:44
4:33:40 B:04:09 3:30:29
B:10:25 11:40:37 3:30:12
SUM 52:26:4G
AVG 3:29:47

iii. Results

Increase in execution time
Compression 26.4653677
Decompression B.1151B325

IV. Data tables for x264 execution times.

A. 230mb raw video file

Decompression

Start End
3:14:32 3:
M N B
B:58:52 =H

11:50:38 11

14:42:12 14:
17:34:07 17:

20:26:08 20
23:18:08 23
2:056: 38 2:
5:01:27 5:
7:53:06 7

10:44:42 10:
13:36:30 13:
1626808 16:
15:15:48 149:

SUM
AVG

Decompression

Start End
22:55:11 23
2:31:30 2
6:07:1%9 B
5:43:20 9:

13:19:41 13:

16:55:38 17
20:31:27 20
0:07:24 0
3:43:25 3
711528 LR

10:55:38 11

14:31:34 14:
4:27:18 4.
E:04:008 B

11:40:37 11
SUM
AVG

20
12:
04
(56
48:
40:
32:
23
15:
ny:
58
50
42
33
25:

01

01

01
3E:
33:
10:
- W

36
59
47
23
15
16
21
53
34
12
54
43
18
55
35

152
ir:
13:
50:
25:
151
ir:
13:
44
26
153

41
45
oo
59

48
51
54
01

06
40

15

Duration

D HDOoOOoODOo oo oo oo D oD

06
N
N
05
0B
0B
06
N
N
05
05
06!
05
N
05
129
05

Duration

PRl e e R o Y e R e o e B e e R e e e R e e e}

06!
06
06!
06
06
06!
06
06!
06
06!
0E:
06
06!
06
06!
136
06!

04

55
45
03
1)}
13
45
56
45
48
01
48
47
47
DE
57

41
11
26
40
18
13
21
&7

i3
15
32
22
16
B
22
25

42



230mb raw video file
Regular application

Start

LA B B B Ll Lad Lad B Pl P

Increase In execution time

D2
121
40
(5HE:
117
136
154
113
131
50
(0G5
2T
46
04
12g

Encoding

48

32

04
41
23
05
3B
13

53

26
03
37
12
48
[1}=]

End

LA LA B e P L Ll Lad Pl P P

SUM
AVG

21
40
=13
17
136
154
(13
131
50
oG
2T
AB:
04
124
-

132

04
41
23
05
3B
13

153

26
03
37
12
48
oo
42

135.185185

Duration

0:

oCcChhRoDo oo oo ooC

B. 780mb raw video file

JBOmb raw video file
Regular application

Start

WO 00 = L P L P

10:

11

12:
13:
14:
15:

Increase In executlon time

139
g1
45
4B
50
(5B
03
06
‘OB
12:
17
20:
23
26
2B:

Encoding

13

157

45
16
47
0B
15
16
48
25
13
oo
07
05
59

End

WO B0 s L B Ll B

10:

11

12:
13:
14:
15:
16!

SUM
AVG

41
45
-1
50
1
03
il H
(0B
12!
17
20
23
26
2B
32!

57

45
16
47
oe
15
16
48
25
13
oo
o7
0s
58
04

135.270247

18:
0:18:
(18
(18
T1H:
(18!
(18
(18
(18
(18!
(18
(18
(18
115
(18
139
(18

Duration

[
[l S R T T S T R ST T e S R T T

C. 1.15gb raw video file

02
03
02
o2
07
05
03
02
‘03
04
02
03
02
02
03
152
03

44
32
37
42
q2
33
3s
40
33
37
34
is
36
21
33
54
40

44
48
31
31
21
07
01
32
37
48
47
07
58
53
05
50
31

Thumb application

Start

10:
10

11

12!
13:
13:
14
15:
15:

WO 0D = =) L

01

-
26
(10:
154
P3E:
122
0&:
45
133
17
123
q5:
29:
13:
57

42
33
23
23
15
15
03
52
46
33

25
23
18
11

End

[l e =l e R

10
10:

11

12:
13:
13:
14:
15:
15:
16:

SUM
AVG

Thumb application

Start
16

14

21

23
2!
g
7
G

12:

14:

17

19:

22
o
3

32
117
130
59:
29
5B:
2B
57:
27
56!
25:
56:
25:
54:
24:

01

04

23
48
39
34
53
58
20
25
34
04
52
59
22

End

15:
(30
5G:
29
5B:
2B:
57
27
56
25:
56:
25:
54:
24
53:

21

23:
2!
g
7
L

12:

14

17:
15:
22:
0:
3:
5:

SUM
ANVG

(2B
(10
=1
(3E:
e
0E:
45
(33
17:
122

01

45:
28
13:
57
00

41

01

i3
23
43
15
15
03
52
46
i3

29
23
18
11

117

23
48
39
34
33
57
20
25
34
04
32
59
21
50

Duration

[
oo oo o oo oo oo oo o

43
43
144
43
1
43
43
43
43
43
144
43
43
43
43
(5B
43

Duration

Lak
Pod ool Pl Pl Pl Pod Pudl Pl Pl Pl Pud Pud Pl Pl Pl Pl Ped

129
128
AN
129
(2B
(30
128
AN
129
129
(30
129
128
AN
129
121
129

51
50
oo
52
oo
48
45
54
47
49
D&
54
35
53
45
17
53

13
D&
25
51
55
15
04
22
0s
(=]
30
48
o7
22
28

144

27

43



1.15gb raw video file
Regular application

Start End Duration
1:47:05 3:20:20 1:33:
3:20:20 q:52 58 1:32:
4:52:58 6:25:58 1:33:
6:25:58 715634 1:32:
7i5B:34 G5:31:09 1:32:
5:31:09 11:03:38 1:32:

11:03:38 12:36:42 1:33:
12:36:42 14:06:22 1:32:
14:09:22 15:42:47 1:33:
15:42:47 17:16:07 1:33:
17:16:07 1B:48:58 1:32:
1E:4B:58 20:21:38 1:32:
20:21:38 21:54:55 1:33:
21:54:55 23:30:28 1:35:
23:30:28 1:03:28 1:33:

SUmM 23:16:

ANG 1:33:

Increase In execution time
Encoding 13B.3596811

15
3B
oo
36
35
29
04
40
25
20
31
40
17
33
oo
23
(1]

V. Output for industry standard script

Start
1

g
B
12:
15:
19:
23
2
B
160:
14:
17

21
1

4

03
44
25
07
47
2B:
05:
s50:
(3B

31

17:
04:
0s
126
07
45

45

28
19
34
[1]:]
56
459
20
29

07
04
05

45
57

NOTE: End filesize is the filesize after decompmegshat stage

byoudoin.jpg, regular

Starting filesize: 5242880
Level 5 compression
Compressed filesize: 5189497
End filesize: 5242880

Level 7 compression
Compressed filesize: 5170636
End filesize: 5242880

Level 9 compression
Compressed filesize: 4554254
End filesize: 5242880

byoudoin.jpg, thumb

Starting filesize: 5242880
Level 5 compression
Compressed filesize: 5189497
End filesize: 5242880

Level 7 compression
Compressed filesize: 5170636
End filesize: 5242880

Level 9 compression
Compressed filesize: 4554254

Thumb application
End
4.
B
12:
15:
19:
23
2:
R
10
14:
17

21
1

4.
B:
SUM
AVG

44 ;
25
oy
47:
2B
0o
50:
(38

31

17:
Gd:
45:
126
07
1 H
32:

15
34
DE
56
48
20
28

i)
04
04
05
449
37
27

Ln
Ladl LA Lad Lol Ll Ll Ll Lal Lal Lal Lal Lal Lal Lal Lad | Lad Lad

Duration
40
41
41
1400
40
40
41
41
45
-1 N
41
41
41
g2
g2
(2B
41

51

115
134

48
52
31

OB
05

25
57

00
00
44

ne
30
56

1]

44



End filesize: 5242880

chicken.jpg, regular

Starting filesize: 31457280
Level 5 compression
Compressed filesize: 31306985
End filesize: 31457280

Level 7 compression
Compressed filesize: 30427899
End filesize: 31457280

Level 9 compression
Compressed filesize: 25949409
End filesize: 31457280

chicken.jpg, thumb

Starting filesize: 31457280
Level 5 compression
Compressed filesize: 31306985
End filesize: 31457280

Level 7 compression
Compressed filesize: 30427899
End filesize: 31457280

Level 9 compression
Compressed filesize: 25949409
End filesize: 31457280

dryer.jpg, regular

Starting filesize: 2097152
Level 5 compression
Compressed filesize: 1434910
End filesize: 2097152

Level 7 compression
Compressed filesize: 1127895
End filesize: 2097152

Level 9 compression
Compressed filesize: 1067335
End filesize: 2097152

dryer.jpg, thumb

Starting filesize: 2097152
Level 5 compression
Compressed filesize: 1434910
End filesize: 2097152

Level 7 compression
Compressed filesize: 1127895
End filesize: 2097152
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Level 9 compression
Compressed filesize: 1067335
End filesize: 2097152

liberty.jpg, regular

Starting filesize: 31457280
Level 5 compression
Compressed filesize: 21917976
End filesize: 31457280

Level 7 compression
Compressed filesize: 17697398
End filesize: 31457280

Level 9 compression
Compressed filesize: 13755071
End filesize: 31457280

liberty.jpg, thumb

Starting filesize: 31457280
Level 5 compression
Compressed filesize: 21917976
End filesize: 31457280

Level 7 compression
Compressed filesize: 17697398
End filesize: 31457280

Level 9 compression
Compressed filesize: 13755071
End filesize: 31457280

input.source, regular

Starting filesize: 293601280
Level 5 compression
Compressed filesize: 54403299
End filesize: 293601280

Level 7 compression
Compressed filesize: 53599136
End filesize: 293601280

Level 9 compression
Compressed filesize: 52960821
End filesize: 293601280

input.source, thumb

Starting filesize: 293601280
Level 5 compression
Compressed filesize: 54403299
End filesize: 293601280

Level 7 compression
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Compressed filesize: 53599136
End filesize: 293601280

Level 9 compression
Compressed filesize: 52960821
End filesize: 293601280

text.html, regular

Starting filesize: 293601280
Level 5 compression
Compressed filesize: 22290700
End filesize: 293601280

Level 7 compression
Compressed filesize: 17811990
End filesize: 293601280

Level 9 compression
Compressed filesize: 14427351
End filesize: 293601280

text.html, thumb

Starting filesize: 293601280
Level 5 compression
Compressed filesize: 22290700
End filesize: 293601280

Level 7 compression
Compressed filesize: 17811990
End filesize: 293601280

Level 9 compression
Compressed filesize: 14427351
End filesize: 293601280

VI. Percentage formula

|Actual — Experimentat| 100
Actual

Actual - pertaining to the standard binary for ¢finen application

Experimental — pertaining to the Thumb mode birfarythe given application
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