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Prism JPEG Encoder Case Study

October 2010

This case study demonstrates the iterative parallelization of a sequential JPEG encoder using
Prism. By following the examples, a user should understand how to use Prism to both explore
options for parallelization and verify that the subsequent parallelized code is race free and
efficient.

A tutorial version of this material is also available for users wishing an extended, hands-on
experience. Sample code is provided for each step. A user reasonably familiar with C
programming and pthreads should be able to complete the basic tutorial in a few hours.
Contact prism.support@criticalblue.com for more information.
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This case study follows the iterative parallelization of a sequential JPEG encoder using Prism.
The encoder is written in C and will run on most Linux target platforms. Parallelization is
implemented using a POSIX threads (pthreads) library.

By studying the examples, a user should understand how to use Prism both to explore
options for parallelization and to verify that the subsequent parallelized code is race free and
efficient.

First, a quick methodology overview is presented. The original sequential JPEG encoder code
is compiled and initially analyzed by Prism. Guided by Prism, a sequence of parallelization
refinements improves the quality of the implementation. The case study concludes by
discussing how to extend these techniques to larger examples.

A user reasonably familiar with C programming and pthreads should be able to work through
the examples in a few hours. Sample code is provided for each step.

Prism Environment

The JPEG encoder parallelization development can be run within Prism on Windows or Linux
hosts. It requires a target development board or virtual machine and either a native compiler
toolchain on the target or a cross-compiling toolchain on the host. For the special case of
both an x86 Linux host and an x86 Linux target, the host platform can be used as its own
target.

Target Development Board or Virtual Machine

The target platform should be a development board or virtual machine running Linux with a
POSIX compliant C run time library with support for pthreads. An x86-32 target platform is
used as the example for all screenshots in this case study, but other platforms would work
equally well.

JPEG Encoder Application

The application used in this case study is a limited JPEG encoder implementation. Sampling is
fixed at 4:2:0 on macroblock boundaries, and basic sequential Huffman 8-bit mode is
supported. Portions of the code have been modified from an open source JPEG encoder, mb-

jpeg.

The initial project, jpeg0 , contains code for a simple sequential implementation of a JPEG
encoder.
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Building and running the jpeg0 executable encodes the test.24.bmp  images as a jpeg
file,test24.jpg . The encoded jpeg file can be opened in any jpeg viewer.

Test Image

There are six additional jpeg projects, jpegl - jpeg5 , which represent different parallel
implementations of the jpeg0 encoder. All implementations encode the
same test24.bmp image.

Sequential to Parallel Methodology

For a fixed number of processors, Amdahl’s law states that the maximum speedup is limited
by the percentage of a program which cannot be parallelized:

p
"Y %0

Y 2Q 6

Where N is the number of processors and T s represents the percentage of work which cannot
be parallelized. Consider a system with N =4 and T s = 20% . The maximum achievable
speedup is 2.5x. Even if the number of processors goes to infinity, the maximum speedup is
only 5x, limited entirely by the amount of work which must remain serialized.

So there is significant pressure to maximize the proportion of activity running in parallel. This
may involve significant rework of existing code into parallel form or switching to alternative,
less familiar algorithms which offer more inherent parallelism. Expressing parallelism requires
using new and unfamiliar APIs, leading to programmers introducing bugs while mastering
the interfaces.

This case study uses the POSIX Threads (pthreads) API for parallelization. Pthreads are
supported on a broad range of platforms and operating systems.
See http://en.wikipedia.org/wiki/Pthread for additional information.
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Parallelize Incrementally, Test Frequently

Parallelized code has multiple execution flows. In a shared memory model, any execution
flow can access any memory location, so there are many possible orderings of memory
access. It’s left to the programmer to determine that all orderings which can occur will result
in correct operation.

When multiple threads access the same memory location, and at least one thread is writing to
that location, the resultant data will depend on the interleaved execution order of the
threads. This race condition leads to unpredictable results which may be masked by external
effects such as the thread scheduling policy. Proper operation requires forcing partial
execution order either by serializing threads or by using mutual exclusion locks for critical
sections. These devices ensure that a thread has exclusive access to a memory location to
guarantee the proper ordering of reads and writes. Locks must be explicitly specified by the
programmer. Sequential code is often filled with many order dependencies, which are
implicitly satisfied by the serialized execution of the program. Miss any dependency in the
parallel scenario, and a latent bug has been created.

It seems appropriate to adopt a first do no harmmentality. The greatest challenge is usually
not in finding the parallelism, but in exploiting it in a correct and efficient manner. An initial
methodology starts with sequential code and incrementally adds parallelism, testing the
changes at each step of the way.

v

Incremental Parallelization Flow

Understanding the original program, the target platform, and best parallel programming
practices all influence the refactoring of code from sequential to a proper parallel
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implementation. Each incremental change that increases parallelism also has the potential to
introduce bugs, so take small steps and test frequently.

Considering Amdahl’s law; it is crucial to focus first on areas in the code base which account
for most of the execution time. Leverage profiling and analysis tools to understand both the
critical paths and also the ordering dependencies in the code that restrict how parallelism can
be applied.

Prism performs dynamic analysis of application traces to profile the code and determine
threading and dependency relationships. The JPEG code uses a small image to jpeg
conversion example which exercises all stages of the JPEG encoder.

This case study uses a simplified parallelization flow. Initially, the sequential code is compiled
and run to generate trace files. Prism’s initial analysis is used to profile the execution to
identify functions which consume the most execution time and to understand the data
dependencies between them. Prism'’s what-if analysis is used to explore different
parallelization strategies. Once a strategy is decided upon, the parallel program is
incrementally implemented and debugged. Inside Prism, the debug phase involves checking
and resolving data races and verifying the performance efficiency of the implementation.
Refinements to the parallelization strategy are evaluated at each step.

For the JPEG case study, there are a sequence of analyze-implement-debug cycles which
demonstrate both proper and improper parallelizations.

Sequential Analysis |

Before beginning to parallelize the code, it is important to understand the sequential
implementation.

Initial Build

Begin by opening the jpeg0 project and rebuilding the application to ensure that it is up to
date. Run the encoder and confirm that test24.jpg ~ appears correctly encoded. The next
step is to generate the encoding trace and load it into Prism for analysis. Switch to

the Prism perspective by selecting the Prism button to the right of the main toolbar. The
screen will look something like this:
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= Prism - jpeg0)/src/jpeg/jpegl.c - Eclipse (=
File Edit Source Refactor Mavigaste Project Search Window Help Prism

HrEg R iei@e ="oBlE" " | “heeey BEBE (- FH S i [Prism | & /e

5 Proje 22 B= Outllnw = O |[ g jpegc &3 =08
= Q:D‘ 7 -
[ & #86-32-linwxmk = Le Jpeahee
L ineqll -
pg:gplatform * JPEG godec implementation.
& src * code segments intended as strative examples on
& Jpeg * are not intended for commercial use.
5 test I .
@ common.h * e accepts no responsibi
[f huffman.h » this purpose.
[ jpeg_hdr.h *
[£ jpeg_main.c * @author Skip Hovsmith <skip.hovsmitk iticalblue.com>
K jpegh */
€] jpegl.c
[ mb.h = #include "common.h"
[ mb0.c #include "bytestream.h"
= jpegd.dox #include "huffman.h"
= util #include "mb.h"
@ README.h #include "jpeg_hdr.h" -
[ Makeile #include "jpeg.h"
L
3 1
&7 IPeg — // set nom-zerc if additicnal debug info desired
= jpeg2 :
inead #define DEBUGL 0O
4= jpeg <
1= ipegd 2 iy '
F Functions 53 2 Call Hierarchy| B8/ Mapping | 2 Dependencies| A\ Races| 5 Access Protection| 55 Code Performance | i Architecture| B Console | =8

Mo open Prism Analysis Definition (PAD) file.
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Accelersting Embedded Software

S Schedule (TileID#:0) 2 %1 Wait Hotspotq f[l Memorﬂ % Cache Performancaw =08
|Em @ -a-2@-Z | HA S| -GS x|~

No open Prism Analysis Definition (PAD) file.

. S
criticalblue

Accelerating Embedded Software

‘ Writable ‘ Smart Insert | ilgil

Prism Perspective

Select the menu item File->New->Prism Analysis Definition (PAD) to open the new PAD file
dialog:
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= New
Prism Analysis Definition {(PAD)
Create a new Prism Analysis Definition (PAD) file

Enter or select the parent folder:

jpeg0/platform/i@6-32-linux

& jpeg
= jpegl
= platform
= x86-32-linux
= src
= jpeg
2 util
Jpegl
Jpeg2
jpeg3
jpegt
Ipegd
Ipegd

GREERG

File name: JpagULpad

Advanced »>

Cancel

PAD Dialog

A PAD file and a corresponding directory with the same name contain trace data and
additional information about memory usage and data dependencies. This case study names
PAD files the same as their project names and places PAD files under the platform directory.

For the x86-32-linux target, name the pad file jpeg0/platform/x86 -32-

linux/jpeg0.pad

and click Next. The default settings in the second screen are fine;

click Next. In the third screen, expand Example Template -> Single Core and make it active.
Clicking the Finish button closes the dialog box and opens up the jpeg0.pad  properties in

an upper editor view.

[¢] jpegd.c  |feof sjpegl.pad 52

— . — 8 _ ]
Generate Traces Read Traces

Configuration | Overview

Source Directory jpegl

Directory to store PIT files:  jpeg0\platform'x86-32-linux\jpeg0

Selected PIT:

Symbol Definition File:

jpegliplatform’ad@6-32-linwdbin\jpegl.pgsi

=

m]

Prism version 2.2.91 L.
PAD modified Oct 8, 2010 5:30:24 PM Crltlcal

|

Browse...

Browse...

i

Browse...

Trace File: jpegliplatform'\x86-32-linux\bin\jpegl.pgt]

Working Directory: jpegd
Generate Traces Command:  make trace

Command Arguments:
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As shown in the screenshot above, the Configuration tab (upper left tab under the Generate
Traces button) shows a configuration form. For the x86-32-linux example, fill in the text fields

like this:

Source Directory: jpeg0

Symbol Definition File: jpegO\platform\x86-32-linux\bin\jpegO0.pgsi
Trace File: jpegO\platform\x86-32-linux\bin\jpeg0.pgt
Working Directory: jpeg0

Generate Traces Command: make trace

Command Arguments: blank

The make trace command will rebuild the project if necessary, generate traces on the target
platform, and copy the results back to the platform directory.

If the form is filled in properly, the Generate Traces button should be enabled. Click it and
the application should be traced. Depending on the platform, the tracing process should
complete in under 2 minutes.

Once completed, the configuration view switches to the Overview tab and the trace is
displayed.

o] jpeglic ||l “jpeglipad - o
Generate Traces| | Read Traces | | Open PIT | | Load Slice E;IIS}I'I':-:G:[IS;::; 292(:‘:9; 2010 5:30:34 PM Critical
Configuration | Overview
Selected: (0, 9.37M) 9.37M instructions BT aa uEy ae
. K
|
| =
! ‘=
| =
| 1=
| =]
Heap Memory :_I :g
| =
IJ =]
L. «
critical

Aecelerating Embedded Saftwane

Trace Overview

8 Copyright © 2010 CriticalBlue


file:///C:/Users/skiph/project/jpeg_tutorial/eclipse/jpeg-docs-textile/build/print/images/pad_trace.png

.. &
critical

Underneath the trace, in the middle of the screen, is a set of views. Select the Functions view
tab to see a profile of the functions of the entire trace.

This trace includes all activity including the reading in of the bit map file. For parallelization,
the area of interest is just the encoding, represented by thejpeg_encode function. In the
function table, select the jpeg_encode function’s Activity checkbox to highlight

the jpeg_encode activity in the trace. In the trace overview, adjust the red and green sliders
to just cover the jpeg_encode activity, and hit the Load Slice button to load this slice into
Prism for analysis.

5 Proje 22 B outlin| = B[ [2 jpegh.c E3l "jpegl.pad &2 =g
=5 - Prism version 2.2.91
e = [Generate Traces | | ReadTraces | [ OpenPIT | [ Load Siice PAD modified Oct 8, 201053034 PM _ Critical
75 jpegd Configuration | Overview
= platfarm Selected: (4.15M, 9.37M) 5.22M instructions FrTiaaluEy aq
(= 86-32-linux , ® °
= bin £ ]
5 ipegd Heap Memery J i =
o] jpegO.pg! | =
g jpegl.pgsi =
ol pesdost E
o] jpeg0.pats =
=] test24 jpg T
(= jpegd |
[z jpegl.pad
& s . <
& joe critical
i || ecterotiog Emecate setmuane:
£ Functions 52 . % Cal Hierarchy | £ Mapping| 80 Dependencies| A\ Races| 75 Access Protection| 55 Code Performance| £ Architecture| B Console| B & /| @ | =[] 2 & — O
Function Name Type  Mapping Overview  Call Count  Trace Call Coverage Seclf Instrs Total Instrs Total Instrs Histogram E
+ [l main Core0 7] 1 1000% 103 92M 99.9%
W image_read_bmp F 7] 1 1000% 354.5K zo1m [ 2. 4% E
M fclose P 2 1000% 36K 38K 0.0%
M fopen [F] 2 1000% 356K 356K 0.0%
- [ joeg_encode F ] 1 100.0% 621 Pl 56539
B timing_elapsed i @ 1 1000% n 139 00%
B ipeg_create f ] 1 1000% 30 234K 0.0%
B image creste F ] 1 100.0% 19 77.69K 0.8% S
Hotspot Finder (100%) 100% Total Time 0% Total Time
Gshows less) | | (shows more)

Trace Slice Selection

Once the slice is loaded, the Prism screen looks something like this:
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= Prism - jpeg0/platform/x86-32-linui/jpeg.pad - Eclipse o] @]
File Edit Navigate Project Window Help Prism
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g jpeg0-pol | He=
e} Jpeg0-posi L | =
o) Jpeg0.pat jpeg_encode| 3 =
g jpead-pats =
=] test24jpg + ¥
= st . ! '.
= obj < | |
Jpeg0.pad
= sr(a - i
o e critical
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¥ Functions 52 2 Call Hierarchy | E8! Mapping | B Dependencies| M\ Races| 75 Access Protection | 75 Code Performance | 5 Architecture| Bl Console | @] = [E) =0
Function Name Type  Mapping Overview  Call Count  Trace Call Coverage Self Instrs Total Instrs Total Instrs Histogram =
M image_read_bmp F o 1 100.0% 354.5K 3.0um [ 2 4%
W fclose ] 2 1000% 36K 36K 0.0% E
M fopen ] 2 1000% 356K 356K 0.0% L
B ipeg_encode f M 1 100.0% 624 5.2M
B timing_elapsed F ] 1 1000% Bl 138 0.0%
B ipeg_create i o 1 1000% 20 234K 0.0%
imane rreate F ] 1 100.0% 19 77.69K na% 2
Hotspot Finder (100%) 100% Total Time 0% Total Time
(shows less) [} (shows more)
EZ Schedule (Tile ID#:0) & . 5T Wait Hotspots| E[] Memary | &2, Cache Performance =0
Core Format " Eﬂ‘@l'a' @'Ele‘lilEEl@'I}’lEﬁ‘@ ‘E.T-:v
Trace Task: main:0x2e75(0)
Core (100%)
Analysis (< 5M 6M ™ aM M 10M 1M
TileID=: 0
Configure.. & J J
Selected Nothing @

Initial Slice Loaded

Like any eclipse application, the perspective can be adjusted by dragging resizing handles
between views or dragging a view to another portion of the screen. Also very useful, double
clicking on a view’s tab will maximize it within Prism, and double-clicking the tab a second

time will restore the view to its original position.

On the top toolbar, there are three buttons like this:

=B

With the Functions view showing, select the middle button to show profile information for

the slice instead on the entire trace. The jpeg_encode
near 100%.

10

execution time should change to
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JPEG Encoder Overview

Switch to the Functions view as shown above. The function view has two modes, flat and
hierarchical. Ensure that the hierarchical mode is active by selecting the == button located
along the top right of the view. The code is rooted at main , which calls jpeg_encode , which
in turn calls mb_encode . Right click on the jpeg_encode function and select Annotate
Function Source. The jpegO0/src/jpeg/jpeg0.c file will be opened in an upper editor
view showing the jpeg_encode function definition at line 269 of the file. Scroll down to line
289 to see the core of the encoding function:

mb = mb_create();
err =0;
for (r = 0; r < mb_rows; ++r) {
for (c = 0; c < mb_cols; ++c) {
err  |= mb_encode(mb, image, r, ¢, huffman);
}

}
mb_destroy(mb);

This encoder uses fixed 4:2:0 downsampling, so a macroblock is defined as a 16 x 16 block of
pixels. It consists of four 8 x 8 luminance blocks and two downsampled 8 x 8 chrominance
blocks. See http://en.wikipedia.org/wiki/Jpeg for more information on the JPEG encoding
algorithm.

The encoder creates a macroblock object and then uses it repeatedly to process the image in
regular 16 X 16 chunks. The macroblock object is then destroyed.

Expanding the call tree shows that the mb_encode function consists of four operations-
mb_ycbcr , mb_dct , mb_zzquant , and mb_huffman . Right clicking on

the mb_encode function and opening the source file jpeg0/sec/m b0.c shows

that mb_encode is a simple wrapper for these functions:

int mb_encode(mb_t *mb, image_t *image, int row, int col, huffman_t
*huffman) {
int err;

if ((err = mb_rgb2ycbcr(mb, image, row, cal))) return err;
if ((err = mb_dct(mb))) return err;

if ((err = mb_zzquant(mb))) return err;

if ((err = mb_huffman(mb, huffman))) return err;

return O;
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Looking at the call tree profile, the DCT transform, mb_dct takes a majority of the execution
time. The color conversion function, mb_rgb2yc bcr , zig-zag quantization, mb_zzquant , and
Huffman encoding, mb_huffman are all much less.

Focus on the Schedule view at the bottom of the screen. Use the magnifier regions or
repeatedly select a rectangular area to zoom into. As the zoom level increases, more of the

call tree functions are displayed.

EZ Schedule (Tile1D# 0) 52 gﬁWaitHotspots ;l] Memory %Cache Performance =0

CoreFormat ~| S @l| ® ~Q ~@ @~ |l | B &~ (%@ & % B2~

Trace Task: main:0x2e75(0)

Core0 (100%) mb_dct zzquant zquant zzquant zzquant zzquant zzquant mb_huffman mb_rgb2ycbcr

]|

6.72M 6.73M

Analysis 6.68M 6.69M 6.7M 6.71M
Tile ID#: 0 ((

Zoomed Schedule View

Dependency Analysis
Dependencies can exist between tasks which can run in parallel.

Before beginning dependency analysis, select the Architecture view in the views across the
middle of the screen. Switch the active architecture to Example Templates -> Quad Core.

] Functions | 3= Call Hierarchy | ! Mapping | ¥ Dependencies | A\ Races |55 Access Protection |55 Code Performance | 2 Architecture 57

Library | Advanced
ER=RC)
Family/Template Name Active Core Count (Physical / Logi... Caches (bytes) Description

é User Templates
g Example Templates

m

%} Single Core ® 1/1 Single core, no data caches.
{’} Dual Core (@] 272 Dual core, no data caches.

Y Quad Core “ 4/4 Quad core, no data caches.

{Z} Hexa Core O 6/6 Hexa core, no data caches.

{7} Octo Core (@] 8/8 QOcto core, no data caches. =

Quad Core Selection

Along the top toolbar, the apply button "G #erly js enabled because of a change of
architecture has been selected, and the schedule should be updated. Hit the apply button to
compute a new schedule. In this case, the schedule doesn’t appear to change because there is
only one task, main, which continues to run on only a single core.

To run across multiple cores, some tasks must run in parallel. Prism can perform what
if analysis of functions running as parallel tasks without requiring any code changes. Good
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candidate functions are those which take a high percentage of execution time and which are
called repeatedly.

Reselect the Functions view. The mb_encode encode function takes almost all the execution
time, but it is only called once. Drilling down a level, the mb_encode function also takes a
high percentage of the execution time and it is called multiple times. Move the mouse over
the mb_encode function, right click, and select Force Task. Dismiss the informational dialog
box, and the mb_encode function is now available as a top-level task.

Ff Functions 53 . "% Call Hierarchy | B8l Mapping| $f] Dependencies | /\ Races| T8 Access Protection| 7% Code Performance | 4 Architecture & FflB|lefE >0
Function Name Type Mapping Qverview Call Count Trace Call Coverage Self Instrs Total Instrs Total Instrs Histogram -
» [l mb_encode 2 Cored, Core... M 32 100.0% 1.22K 516M 56.1%4 £
s [l main Core, Core ... =] 1 100.0% 103 a.0av [, 3.5 1

. [l image read bmp F a 1 100.0% 354.5K 2ov [ 2 4%

W fclose ] 2 100.0% 36K 36K 0.0%

M fopen ] 2 100.0% 3.56K 3.56K 00%

4 [ jpeg_encode f M 1 1000% 624 M.57K 04%

writejpegheader f F] 1 100.0% 15.94K 32.33K 0.4%
M mb_encode =1 Core 0, Core 1. %] hd

Hotspot Finder (100%) 100% Total Time 0% Total Time

(shows less) D (shows more)

Forced mb_encode Task

This forces every mb_encode call to run as a separate task. The Apply button is again active.
Click on it to calculate the impact on the schedule. If the schedule does not appear to update,
ensure the pulldown next to the Apply button shows Analysis Schedule. The new schedule
should look like this:
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(& bin ' — i
& joegd El|| Heap Memory |E‘ _‘ | E
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s/ jpegt.pad ! 15
oo | 5 | =
[ Makefile g -
1= jpegl ae S)
1S Jpeg? criticalblue
e o || Aeesterstng Erbeadea sommwere 5
i ipeg3
§g Functions 52 2 Call Hierarchy | Bl Mapping | %] Dependencies| /f\ Races| T Access Protection | 5 Code Performance | £ Architecture | 28 Ffl@l=E >80
Function Mame Type Mapping Overview Call Count Trace Call Coverage Self Instrs Total Instrs Total Instrs Histogram
M mb_encode B Cored, Core.. M 2 100.0% 122K s16n TR~
mb_det F [F] 2 1000% 313M v 34.0%
mb_rgb2ycher F ] 12 1000% 1.15M 115m [l 125%
mb_huffman F ] 2 100.0% 307.4K 3074k 33%
mb_zzquant F ] 2 100.0% 346K s579.06k [l 6.3%
H rain Corel, Core .. il 1 1000% 103 4.0om [ 3 5%
Hotspot Finder (100%) 100% Total Time 0% Total Time
(shows less) D (shows more)
E= Schedule (Tile ID£:0) 22 5T Wait Hotspotﬂ E | Memorﬂ &2 Cache Performance} = Console] =0
[coreFomat -] @l | & & - B - E| k| B HB| - [ = % b T
Core0 (1%) _i
core1 1% H E B B B EEEEEEEEEEN
Core2 613 /' I B B B B B BB EEEEEm
Core3 (0%) -
Analysis 5M | M ™ &M M 10M 1M
TileID#: 0 @)) LT S S S S S S :
Configure.. & Ll Ll
Selected Nothing

Forced mb_encode Tasks — Core Schedule

This view shows how the tasks are running on each core. Along the top of the Schedule view,

there is a pulldown button which should show Core Format. To view the schedule from a

task perspective, switch the pulldown to Task Format. The schedule changes to:
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Forced mb_encode Tasks — Task Schedule

From either perspective, it is clear that the tasks are not running in parallel. The scheduler
honors all dependencies, so there must be at least one dependency involved.

In the task schedule view, zoom in to see just a few tasks. Between the tasks, purple

dependency arrows begin to appear near the end of one task to the beginning of the next.
This indicates one or more dependency relationships exist between tasks.
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Forced mb_encode Task Dependencies

Right click on one of the purple arrows and select Annotate Arrow in Source Editor. In the

dialog box, double-click on one of the source-destination pairs under the Data
Dependence type.
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Task Dependency Selection
The jpeg0/s rcljpeg/mb0.c source file is opened showing multiple source/destination

dependencies in two groups. The top group shows dependencies in the mb_rgb2ycrcb ,dct ,
and zzquant functions, while the bottom group is associated with mb_huffman .

Dependency Pairs

Focusing on the top group, many of the dependencies have source and destination markers
on the same line. This usually indicates that the lines are from separate tasks.

The mb_encocte: |

mb- >
jpeg_encode mb
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