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Abstract

The goal of this paper is to discuss the support added to OProfile for th@BRMWER4A™,
POWER4+M POWERSM and PowerP@® 970FX processors. The paper describes the existing
OProfile support in the LinuX¥" Kernel, and the details of how the support was added for the IBM
POWER4, POWER4+, POWERS and PowerPC 970FX processors are covered. The restrictions
on specifying multiple events in OProfile on these processors is discussed in section 2 and is of
interest to the general OProfile user and the maintainers. The rest of the paper is intended for the
OProfile maintainer.

A unique feature of OProfile is its ability to profile based on specific hardware event coun-
ters. Specifying the events in OProfile for Power is slightly different than for other architectures.
Examples of the flexibility and some of the limitations of the OProfile implementation are cov-
ered. The paper is intended for individuals looking to understand how OProfile interacts with the
operating system kernel and the underlying Power hardware in extracting profiling information.

1 Overview of the OProfile tool and support added for POWERA4,
POWER4+, POWERS5 and PowerPC 970FX processors

OProfile is a tool for profiling source code. The tool has been ported to a number of archi-
tectures including IntéM x86, x86_64, AMD as well as several others. The hardware perfor-
mance counters are used to generate the profile based on any of the available performance counter
events for the processor. A time-based profile can be obtained by profiling based on cycles.
The use of the tool is explained in the user marupl available from the OProfile Web site,
http://oprofile.sourceforge.net, in the Docs subdirectory. The generic internal implementation of
OProfile is discussed ii2] . There is a papgs] on the use of OProfile by William Cohen. The
paper4] by John Engle discusses using OProfile on the POWER architecture. And a recent paper
[5] by Rob Nava contrasts OProfile with gprof and tprof on the POWER systems.

This paper specifically talks about the POWER4 POWER4+, POWERS5 and PowerPC 970FX im-
plementation of OProfile. Currently, these are the only POWER architectures supported by OPro-
file. This paper specifically discusses:



the extensions to the OProfile tool needed to support the POWER4, POWER4+, POWER5
and PowerPC 970FX architectures

the format of the event specification files
the limitations the architecture puts on selecting multiple events
the ongoing work for the Power architecture

This paper is not intended to be a user guide to help the new user to learn how to use OProfile
except for explaining the nuances of selecting multiple events.

2 User guide to selecting multiple events.

This section discusses the unique requirements for specifying multiple events on the IBM
POWER4, POWER4+, POWERS5 and PowerPC 970FX processors. These restrictions are a result
of how the hardware performance counters were implemented. The architecture of the hardware
performance counters is described to give the user an understanding of why there are restrictions
for specifying multiple events in OProfile. This section is written as a guide for the general user as
well as for the OProfile maintainer.

2.1 Overview of the performance counter architecture

The performance counters consist of three control regiskkGR0, MMCR1 andMMCRA )

and a set of event count registers. There are eight event count registers for POWER4, POWER4+
and PowerPC 970FX processors. There are six performance counters for POWERS processor. The
control registers contain fields to specify the various events to be counted by each counter, a set of
bits to route the performance counter event signals to the counter, a bit to start/stop the counters, as
well as a set of configuration bits. Due to routing conflicts in the signal multiplexers (MUX), it is

not possible to arbitrarily configure any event in any counter, especially when setting up multiple
events. Given a set of events to be programmed in each of the counters, it is not an easy task to
determine if all of the events can be mapped to a counter (program the MUXs). A group consists
of the six or eight events, depending on the hardware, that can be programmed simultaneously. For
each group, the MMCR values are specified. The groups and events are specified in two files. The
format of these files does not lend itself to the OProfile implementation very well. The details of
how the event and MMCR values get mapped is discussed later in this paper. What is important
for this discussion is the fact that there are valid groups of events that can be measured at the same
time.

2.2 Profiling on multiple events

OProfile allows multiple hardware triggered events to be used for profiling at the same time. This
is done by specifying the events in the same opcontrol line. For example, if the user wanted
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to measure L2 cache hits (PM_DATA_FROM_L2) and processor cycles (PM_RUN_CYC) at the
same time on a given machine, the command line would look like the following:

opcontrol  ——event=PM_DATA_FROM_L2_G44:10000 ——event=PM_RUN_CYC_G44:10000

Note that if the user were to specify the events in separate opcontrol commands, only the event in
the last opcontrol command would be programmed. This is due to how OProfile was implemented
and is not specific to the processor.

To create a profile for multiple events, the user must specify a single group that contains each of

the desired events. This requires being able to uniquely specify each event in the group since the
same event can occur in multiple groups. Uniquely specifying each event was done by appending

the group number to the end of the event name in each group. In the example above, both events
belong to group 44 as indicated by the _G44 suffix.

2.3 The number of available events

The initial implementation included a subset of all available groups. This was due to a limitation in
the size of the postprocessing event number variable. Version 0.9.1 and earlier of OProfile support
up to 256 events. A patch to remove this restriction has been accepted into the OProfile code base.
The restriction will be removed starting with the next release of the OProfile user code.

2.4 Setting the user and kernel mode.

OProfile has support for setting up each counter to collect in user mode, kernel mode or both user
and kernel modes. However, the architecture of the POWER performance counters does not allow
the user and kernel mode to be set for each counter. Rather, all counters count in the same mode.
If any of the counters have user mode specified for it, then all of the counters will count in user
mode. The same is true for the kernel mode.

2.5 Hypervisor mode profiling

By default, profiling in hypervisor mode is always enabled. There was no explicit control added to
enable or disable hypervisor mode. Samples collected when the processor is running in hypervisor
mode show up in the output listing under tigpervisor_bucketentry. Typically, this should be a

small percentage of the total samples.

2.6 Call graph support

Call graph support for the POWER4, POWER4+, POWERS5 and PowerPC 970FX processors was
added to the kernel in version 2.6.17-rcl. Prior to this kernel there was no call graph support for
these processors.



The call graph utility gives information on the function calls. For each function, the name of
the caller function and the number of times it called the function is given. The name the various
functions and number of times these functions were called from each function is given. See the
OProfile manual for further details.

The gprof utility, as described in the paper “Contrasting Linux on Power Profilers” by Rob Nava,
provides a call-graph capability, but it does incur a fair degree of overhead.

3 History of POWER4, POWERS5 and PowerPC 970FX support for OPro-
file

Anton Blanchard added basic support to OProfile for capturing time based profiles. This support
used the performance counters to capture addressed¢egcjes. No performance counter events
could be used to collect a profile. Support for the event counters was added by Carl Love in early
2004 and was tested extensively internally in IBM.

After the changes were used and tested sufficiently within IBM, work was started to submit the
kernel and user level changes to the community. This work was done by Carl Love and Maynard
Johnson. Carl worked with Anton Blanchard to get the needed kernel changes submitted and ac-
cepted into the kernel. Maynard Johnson worked to get the changes to the user level tool accepted.
This required a restructuring of how the event information was stored and processed, as well as
adding the architecture-specific calls to the user code. These changes were included into the 0.8.2
version of the OProfile user code. Patches were pushed to SLES for Power 4 OProfile support in
SLES9 rcl. The kernel changes were accepted into 2.6.9-rc3. In November of 2004, the kernel
changes were accepted into SLES 9 and Red Hat REL 4, which followed the acceptance of all of
the changes into the mainline kernel.

Currently, the tools chain group is responsible for providing long term support for the POWER
specific support in Oprofile.

4 Implementation of Power support in OProfile

The previous sections mentioned the differences in the POWER4, POWER4+, POWERS5 and Pow-
erPC 970FX support for OProfile. These differences include:

e how the Power events are programmed as part of a group of events
e how the user and kernel modes cannot be set individually for each counter
e sampling addresses in hypervisor mode is always enabled.
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The user level OProfile code can be obtained from the OProfile home page. The code must be
compiled and then the OProfile utilities are installed on the system. The details of this is described
in the OProfile manuals. When the source code is downloaded and untar-ed, the files that specify
the events are located in teents/ppc64directory. Within this directory, there is a subdirec-

tory for each architecture. The source code directevgnts/ppc64/powerdcontains three files:
unit_masks, eventsandevent_mappings

The files are copied to the defallisr/local/share/oprofile/ppc64/powerdlirectory, or a location
specified by the user when the tool is installed. These files support comments that start with the #
symbol and continue to the end of the line.

4.1 The format of the performance counter event files

There are three files that are used to specify the events. The first fileusithenasksfile. The
second is theventsfile and the third is thevent_mappingfile. Theunit_masksand theevents

files are standard files for all architectures. The third file is specific to the POWER4, POWER4+,
POWERS5 and PowerPC 970FX implementation.

4.1.1 The unit_masks file

Theunit_masks, specifies additional qualifiers for the Intel architecture. The file is not used for
the POWER architecture however, it must exist for compatibility with the OProfile tool. The file
contents are as follows:

# ppc64 POWER4 possible unit masks

#

name:zero type:mandatory default:0x0
0x0 No unit mask

Note that there is only one mask listed by the name of zero. The event file parser expects there to
be a unit mask specified for every event.

4.1.2 The events file

Theeventsfile contains an entry for every event. The following is an example of an event entry:

event:0x10 counters:0 um:zero minimum:10000 name:PM_RUN_CYC_GRP1 :
(Group 1 pm_slice0) Processor Cycles gated by the run latch



The event consists of the following items:

e event: event number

e counters: counters that the event can be programmed in
e um: name of the unit mask for the event

e Minimum: minimum reset count value

e name: name of the event

e description of the event.

The format supports specifying that the event can be programmed into one of several counters,
or all counters. However, for POWER4, POWER4+, POWERS5 and PowerPC 970FX, the event

is defined to be in a specific counter by the group definition. There is a unique event number for

every supported event.

On most platforms, the event number is the value that is programmed into the event control register
to count the event. However, POWER4, POWER4+, POWERS5 and PowerPC 970FX processors,
the event number is used to determine the MMCR registers settings for the group that the event
belongs to.

4.1.3 The event_mappings file

The MMCR register setting for the event can be found ingbent_mappingdile. An entry from
the event mappings file is as follows:

event:0x10 mmcr0:0x00000DOE mmcrl:0x000000004A5675AC mmcra:0x00022001

The line consists of theventtag followed by the event number, ttéMCRO, MMCR1, and
MMCRA tags and their respective values. The MMCRO and MMCRA values are 32 bits while
the MMCRL1 value is a 64-bit value. The MMCR values are identical for the event numbers that
correspond to events from the same group. By conventioreveet mappingsandeventsfiles

are organized by group.

Itis possible to add or delete groups by editinge¢kentsandevent_mappingdiles. If the files are
edited in the source code directory, thake install command must be run again to copy the files

to the installed directory. By default the installed directorfjust/local/share/oprofile/ppc64/but

the user can specify an alternate directory when the tool is installed. If the files are edited in the
installed directory, the changes will be lost if the tool is reinstalled or upgraded.

5 OProfile user tool support for POWER4, POWER4+, POWERS5 and Pow-
erPC 970FX architecture

The data collection process for OProfile is done usingafeontrol bash script command. The
script can be found in thetils source code subdirectory.
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5.1 OProfile userspace code

The OProfile user code consists of the following components:

e User interface scripts and programs
e Profiler daemon, oprofiled

The user interface accepts input from the user, turning this input into commands written to the
pseudo-filesystem dtlev/oprofile. The OProfile kernel driver responds to these commands to
perform the profiling task. When profiling is complete, the daemon takes the buffered data from
the kernel driver and persists it into the filesystem, creating the sample data. This sample data is
post-processed by user interface programs that create reports and annotates source files.

5.2 User interface: opcontrol

OProfile’s main user interface is thagpcontrol script, which is used to initialize, set up, start
and stop the profiler daemon, and start and stop profiling. Most of this script is architecture-
independent with the exception of the do_param_setup function, which is invoked when the user
runs theopcontrol —start command.

For each event passed into opcontrol by way oHéeentparameter, the do_param_setup function
obtains the following information about the event using the ophelp program:

e eventvalue

¢ eligible hardware counters

e unit mask

e Minimum count

e domain(s)

e architecture-specific information (optional)

The ophelp program has some architecture-specific code that obtains additional event mapping
information. Currently, only POWER4, POWER4+, POWERS5 and PowerPC 970FX needs this
mapping, which consists of the MMCR values associated with a group of events. This mapping is
returned by the ophelp program along with the event value and stored in the EVENT_STR local
variable. This variable is checked by the opcontrol script function check _event_mapping_data to
see if mapping values are present. If so, then all of the events specified by the user are validated to
ensure they are in the same group.

At the end of the do_param_setup function, the architecture-independent event setup values are
written to the pseudo-filesystem /dev/oprofile entry by way of the set_ctr_param function. Some of
the architecture-independent values such as the unit mask is not used for the POWER4, POWER4+,
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POWERS5 and PowerPC 970FX processors. Then, if there are mapping values contained in the
EVENT_STR those are also written out to the /dev/oprofile entry as key/value pairs. The last
piece of work done by thepcontrol —start command is to set the enable bit at the top-level

of the /dev/oprofile entry. The OProfile kernel driver detects that profiling is enabled and uses
the information from the /dev/oprofile entries to set up the performance counters to perform the
desired profiling task.

5.3 OProfiled daemon

When the user stops profiling with thepcontrol —stop command, the top-level enable bit is
cleared and profiling is stopped. The user then must invokepieentrol —-dump command to

get the sample data from the kernel. The profile daemon, oprofiled, takes the raw profiling data
from the kernel driver and creates a sample file for each module or executable for which samples
were collected. The sample files are stored in the /var/lib/oprofile/samples/current/ directory. By
default, all samples for a given binary are stored in the same sample file.

The user can get separate sample files per thread, per application, per library or for the kernel using
the following command prior to starting profiling:

opcontrol —separate=[none,lib,kernel,thread,cpu,all].

5.4 User interface: opreport and opannotate

Once the profile is dumped, the user can generate reports from the sample files uejorg jpioet
program. The user can get system wide reports or filtered reports that show only selected binaries.

Another tool,opannotate is used to identify lines in source code or assembly listings where sam-
ples are taken. For source code annotation, the program must be compiled with debug information
(for example, -g option for gcc and IBM’s xlIc/xIf compilers).

6 OProfile kernel code

The following discussion was written based on the code for the 2.6.14 and earlier kernels. Since
the 2.6.14 kernel there been some changes. The most significant is that the path names changed
from arch/ppc64/oprofileto arch/powerpc/oprofile.

The OProfile kernel code for POWER4, POWER4+, POWERS5 and PowerPC 970FX is found
in the arch/ppc64/oprofile directory. The key files arévakefile, op_impl.h, common.g
op_model_power4.c The code in thep_model _power4.dile is used for POWER4, POWER4+,
POWERS5 and PowerPC 970FX processors. The name is held over from the original architecture
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supported in OProfile. Additionally, there is a file for the rs64 architecture that is not discussed in
this report since event based profiling support was not added for this architecture.

The op_impl.h file contains the definitions for several data structures and functions as described
below.

e Op_counter_configstructure contains the parameters for each counter such as the event num-
ber, count, kernel/user mode, unit mask. The user and kernel fields are not used in this struc-
ture; they are there for compatibility with other processors.

e 0Op_system_configstructure contains the system-wide settings for the counters, the MMCR
register values, kernel and user mode flags.

e Op_ppc64_modelstructure is where the generic OProfile functions (start, stop, han-
dle_interrupt and so on.) are mapped to the Power architecture specific functions.

e ctr_read is an inline function that reads the performance counters as defined in this file.
e ctr_write in an inline function for writing values to the performance counters.

The common.cfile defines the functions for starting and stopping the counters for the POWER4,
POWER4+, POWERS5 and PowerPC 970FX processors. When OProfile is started one, of the
first routines to run is th@p_ppc64_create_filedunction. The function creates files in the
OProfile file system for passing data between the user and kernel. This file system is similar
to the /proc file system in that there are files that can be read and written by the user level
tool to pass information to and from the kernel. From the user side, a value is written to the
file in the /dev/oprofile directory that corresponds to the value in thg system_configstruc-

ture to be set. The value written to the file is stored in the element obphsystem_config

with that name. The values include the MMCRO, MMCR1, MMCRA register settings. The
directory also includes the enable_kernel and enable_user mode entries as well as other entires
that are part of the standard OProfile implementation. djefile_arch_init function is also

called to set the OProfile function pointers for the hardware mode, processor type and number
of counters. The file contains tlog_ppc64_setupgfunction. This function reserves the perfor-
mance counter hardware for use by OProfile, callsntoelel> reg_setupfunction to compute

the hardware register values, and callsrii@del> cpu_setuproutine. Themodel> reg_setup

is a function pointer to thpower4_reg_setupfunction defined in th@p_model_power4.dile.
Similarly, model> cpu_setupis a function pointer to thgpower4_cpu_setupfunction in the
op_model_power4.dile.

The op_model_power4.cfile contains the functions to set up the performance counter reg-
ister values gower4_reg_setup, set up the power processongoger4d _cpu_setup, start the
counters, stop the counterpofver4_start), capture the sample address, determine if the ad-
dress is a user, kernel or a hypervisor address, and handle the performance counter interrupt
power4 _handle_interrupt.

The power4_reg_setuproutine is passed thgys structure containing the value of the MMCR
registers, user and kernel mode. This information is needed ipdiwer4 cpu_setuproutine
however, thesysstructure is not passed to that routine. Hence, it was necessary to create three
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global variables to hold the MMCR settings that could be accessed byather4 cpu_setup
routine. The global MMCR registers are initialized with their corresponding value froraythe
structure. The user and kernel mode bits are set in the MMCRO register. The reset value for each
counter is initialized in this routine.

Thepower4_cpu_setuproutine takes the global MMCR values and sets the bit to stop the coun-

ters, enable interrupts on overflow and so on. The values are then written to the hardware register
for the processor. At this point, the counters on each processor are configured to count the desired
events, the counters are stopped, and the reset value for each counter has been set but the counters
have not been started. This routine is called for each processor in the system.

The power4_startroutine is called to start the counters. The MMCRO register is read first. The
routine then loads the reset value into each counter that will be used to count the event. The user
tool determines which counters will be used and passes the information usidgweprofile file

system. If the counter is not used, the reset value is set to 0 to minimize how often it will generate
an interrupt. The bit in the MMCRO register to enable counting is set and the updated MMCRO
value is written to the hardware register. To@rofile_running flag is set. This routine is run by

each processor.

The power4_stoproutine reads the MMCRO register, changes the bit to stop the counters, and
writes it back to the register. This routine is run by each processor.

There are three dummy routines defined in dpe model_power4.cfile, hypervisor_bucket,
rtas_bucket, andkernel_unknown_bucket When the interrupt handler captures an address, the
address could correspond to the processor running user, kernel, hypervisor or RTAS code. The in-
terrupt routine attempts to determine the code region that was running when the sample was taken.
If the interrupt routine can’t determine the mode the processor was running in, the address is re-
placed with the address of thernel_unknown_bucketfunction. Because this function is defined

within the kernel space, this will be a valid kernel address for the post processor. The OProfile post
processor currently has no way of mapping an RTAS or hypervisor address to its corresponding
code. It can only deal with user and kernel addresses. Hence, if the address corresponds to one of
these regions, the address is replaced with the address of the corresponding dummy function that
is defined in the kernel space, making these addresses show up as kernel addresses. The impor-
tant thing is the user can tell how many samples were captured while the processor was running
hypervisor and RTAS code.

The power4_handle_interrupt routine handles the hardware interrupt. The hardware interrupt
occurs when the most significant bit of the hardware counter register changes froma0to a 1. Note
that the hardware counters are 32 bits wide. The hardware saves the program counter address at the
time the interrupt occurs in a shadow register called the SIAR register. The first routine called by
the interrupt handler is thget_pcroutine. Theget_pcroutine reads the SIAR register. The address
checked to see if it is a hypervisor address or an RTAS address and if so, the address is discarded
and replaced with the corresponding dummy function address as described above. If the address
was in user space, which in this context includes the kernel, the address is returned. If the address
was some other region, the address is replaced with the addresskefrtie _unknown_bucket

dummy function. The interrupt handler then calls tiet_kernel function to determine if the
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address returned by tlget _pcroutine is in the user or kernel space thenith&kernelflag is set
to true; otherwise it is set to false.

After the interrupt hander determines the address range, it then proceeds to re-initialize the hard-
ware. The PMM bit is reset to a 1 to enable counting of marked instructions. This bit gets cleared
by the interrupt. The performance counters are now examined to see which counter overflowed.
If the counter that overflowed does not have the enabled flag set to indicate that OProfile set up
the counter with an event to profile on, the sample is not stored and the counter is reset to zero.
If the counter is enabled, then the sample is saved byfmefile_add_pcroutine. Theopro-
file_add_pcfunction saves the address, the counter number and tkernel flag. The MMCRO

register is read, the enable interrupt bit is re-enabled, the enable counter bit is set and the updated
MMCRO value is written back to the hardware register.

7 Kernel changes needed to support new POWER processor

There are a couple of things that need to be done to add kernel support for a new POWER
processor. The assumption is that the basic performance counter architecture remains the same.
Specifically, the counter control is still done by the MMCR registers; the control and data register
sizes do not change.

Theoprofile_arch_init routine in thecommon.cfile needs to have a hew case statement entry for

the new architecture. If it is just an update to an existing processor, then it might be possible to
just add a new case entry and use the same code to set the number of counters, processor type and
model entry. This is the only explicit place where the processor type is checked.

Some of the counter control bits moved from POWER4 to POWERS. Hence, it is important to
check that the bits set by OProfile have not changed. If they do move, then code may need to be
added to deal with setting the bits on an architecture-specific basis.

Additionally, there are some expected changes in the next POWERBehitecture as to which
registers will be available for use. Some of the counters might be reserved for use by the hypervi-
sor. If this happens, then new evs and gps files will be generated that will only use the available
counters. From those files, the event and event_mapping files will need to be updated. The user
level tool will take care of only specifying counters in the legal range based on the new event file.
It might be necessary to change the number of available counters in this case to insure that OProfile
doesn't try to reset the value of a counter that has been reserved.

8 Current limitations in the POWER4, POWER4+, POWER5 and Pow-
erPC 970FX support of OProfile

Profiling the hypervisors. OProfile only processes user and kernel addresses. There have been
some discussions about extending this to include hypervisor addresses. This is a need given the

11



open source hypervisor project Xen. Currently, no details are available on how this would be done.
Work would have to be done in the postprocessor to process the hypervisor addresses. One key
issue is that there is no documented interface for mapping hypervisor addresses to function names.

Call-graph support. As mentioned earlier, call-graph support is only available in the 2.6.17-rc1
and newer kernels.

9 Summary

OProfile is a community-based tool for providing user and kernel code profiles. The profile is gen-
erated by periodically sampling the program counter. The performance counters are used to gener-
ate interrupts to cause OProfile to collect samples. Support for POWER4, POWER4+, POWERS5
and PowerPC 970FX event-based profiling was added by Anton Blanchard from the kernel team,
Maynard Johnson from the tools chain group and Carl Love from performance tools group.

The tool is still missing callgraph support. There is also a need to work with the OProfile main-
tainers to support samples from the both the Xen and IBM pSBri@goervisors.

This tool is one of the primary tools used to identify the code where the processor spends time. It
is important to continue to support this tool for the success of IBM’s customers and benchmarking
efforts.
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