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Abstract.  The goal of this report is to describe our design and implementation of a gang-scheduling system that uses a process tracing mechanism to manage job control in parallel environments.  The two job management issues we addressed are (i) how to associate processes present in the system to the tasks of parallel jobs, and (ii) how to control the execution of these tasks.   Our implementation incorporates the genealogy
 concept introduced by IBM for the AIX operating system.  Genealogy is a concept in which a process is identified by the genetic footprint it inherits from its parent.  With this concept, tasks are defined by a set of processes.  We have implemented a process hierarchy tracing mechanism in the Linux kernel that incorporates the genealogy concept.   We then integrated this mechanism into our gang-scheduling system implementation.  Our evaluation shows that a gang-scheduling system that uses process hierarchy tracing to implement the genealogy concept in the Linux kernel can be practical.

1
Introduction
Genealogy1 is a concept in which a process is identified by the genetic footprint it inherits from its parent.  With this concept, tasks are defined by a set of processes.  Process tracking is the mechanism by which the genealogy concept is implemented in the IBM AIX operating system, and we use a similar process hierarchy tracing mechanism to implement the genealogy concept in the Linux kernel.  We then incorporate this mechanism into the gang-scheduling system implementation.

The implementation of the gang-scheduling system involves a global gang scheduler for the system and a node-level scheduler in each node.  The global gang scheduler is responsible for grouping a parallel program’s tasks into a “gang” and concurrently scheduling them on the nodes of a parallel computer system.  The node-level scheduler is responsible for controlling the execution of the individual tasks on its corresponding node.

The implementation of the genealogy concept involves the following five mechanisms. These mechanisms are in addition to the basic functionality necessary to schedule tasks.


M1:
a mechanism to create new tasks,


M2:
a mechanism to associate processes to tasks,


M3:
a mechanism to terminate all processes in a task,

M4:
a mechanism to capture all dynamic process creation and termination in order to establish the genetic footprint, and


M5:
a mechanism to prevent any “escape hatches” that allow processes to leave a task.

The goal of our project is to develop a gang-scheduling system that uses process hierarchy tracing to implement the genealogy concept in the Linux kernel.  In this paper we describe our design and implementation, test and performance evaluation, conclusion and future work ideas.

2 Design and Implementation

The goal of the project is decomposed into the four sub-goals listed below.  We refer to these sub-goals as G1 through G4.


G1:
to implement a process hierarchy tracing mechanism in the Linux kernel,


G2:
to implement a global gang scheduler,


G3:
to implement a node-level scheduler, and

G4:
to implement a display utility to show scheduling activity and process hierarchy tracing information.

The development environment for this project is as follows:


Linux – Version 2.4.17


Distribution – Red Hat 7.2*


Virtual machine – Usermode Linux(http://user-mode-linux.sourceforge.net)

Compiler – GCC 2.95.3


Debugging – GNU gdb v5.1, GNU Data Display Debugger 3.3, strace


Trolltech QT – 2.3.1


CVS Repository administrated by team members.


* The system is compatible with Red Hat 6.x versions.

Figure 1 below depicts the gang-scheduling system.  This figure shows the bi-directional communication paths between the schedulers, the location of the process hierarchy tracing mechanism in the node-level schedulers, and the bi-directional communication paths between the global scheduler and the display utility.
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Figure 1:  Overview of Gang-Scheduling System

The following figure, Figure 2, depicts typical interaction with the gang-scheduling system.  The user of the system will typically interact only with the display utility.  The display utility is a graphical user interface (GUI) that allows users to submit tasks to the scheduler and view the scheduling activity and process hierarchy information about the tasks.  The global scheduler communicates with one or more node-level schedulers to deliver each node its schedule to execute and to obtain information about programs running on the node.  The node-level scheduler communicates with the process hierarchy tracing mechanism (which resides in the kernel on the node) to update the process hierarchy and to signal processes to start and stop.   Each section below will describe the design and implementation of G1 through G4 in more detail.
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Figure 2:  Typical User Interaction with Gang-Scheduling System

2.1 G1:  To implement a process hierarchy tracing mechanism in the Linux kernel.

A module is loaded in the kernel at runtime to introduce the data structures required to provide process tracing functionality.  The module maintains a tree of tasks (process groups) and as additional processes are forked as children of processes part of a task, they are added in the hierarchy.  The node-level scheduler then makes decisions on which gangs of processes are stopped or resumed, based on that hierarchy information, and stays in close contact with the module in receiving updates to the hierarchy status.

Processes are added into the tree as either children of an existing process or a process belonging to a whole new task, depending on whether they were forked off a process that is part of a task or submitted from the global scheduler as part of a new task group, respectively.  As processes exit, they are removed from the tree and if they have any children, those are inherited by the immediate ancestor of the exiting process.  In this way it is guaranteed that no exiting process will break out of a task subtree.  The following figure, Figure 3, shows the overview of the process hierarchy tracing mechanism structure.
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Figure 3:  Overview of the Process Hierarchy Tracing Mechanism

Upon loading, the module replaces the pointers found in the system calls vector (sys_call_table) to the Linux system calls fork(), vfork(), clone(), and exit() with pointers to functions implemented in the module.  These new implementations do all the necessary bookkeeping required to maintain a process hierarchy and then call the replaced (original) calls.  As processes start and exit, this hierarchy is constantly modified while protected by a semaphore.  A representation of this hierarchy is also maintained in /proc/gtrace as a directory structure.

A file-operations interface is made available for communicating with userspace through the /dev/gtrace character device the module creates.  The supported operations are: 

· open/release:  Support blocking I/O by putting multiple processes in a wait queue while the device is being accessed by another process.

· write:  Explicitly create new tasks or reset the hierarchy.

· read:  Report the entire hierarchy in a string representation.

· ioctl:  Stop, continue, or kill tasks using the SIGSTOP,   SIGCONT, and SIGKILL signals.   Stopping and killing tasks is performed in a top down iteration of the hierarchy to avoid cases where a parent process could detect whether its children have stopped or exited.  Respectively, continuing tasks is done in a bottom up iteration.  This system call can also report the events that happened inside the module, that are maintained in a FIFO queue and should be flushed by the node-level scheduler. 

· fnctl:  Asynchronous notification of the node-level scheduler that a new event has occurred, thus data is available to be retrieved, by sending a SIGIO signal. 

The node-level scheduler exercises all these calls in order to guarantee proper implementation of the schedule passed to it from the global scheduler.  Since process hierarchy tracing is implemented outside the core kernel, the gang-scheduling system can be disabled by stopping all the node-level schedulers, the global scheduler, and unloading the module.  This relieves the kernel from the overhead of maintaining that information and allows it to resume normal functionality.

2.2
G2:  To implement a global gang scheduler.

The gang-scheduling system is a two-tier model with a centralized global scheduler and one or more node-level schedulers.  We adopted a coarse grain time-sharing for the gang scheduler that guarantees tasks execute simultaneously despite operating system images not being coordinated.  We accomplished this by using the following algorithm.

-
Partition the time axis into large time slices (order of seconds to minutes),

-
Populate the time slices with tasks so that processes of a task occupy the same time-slice, and

-
Implement the schedule at the individual nodes.

The role of the global scheduler is to derive a global schedule for the system and then distribute the relevant subsets to the node-level schedulers in an efficient manner.  Figure 4 below represents the communication between the global scheduler and one or more node-level schedulers.  The global scheduler distributes the schedule to execute to the node-level schedulers and then waits for a receive confirmation from the node-level schedulers.  Once all node-level schedulers respond, the global scheduler tells the node-level schedulers to start executing its schedule.


Figure 4:  Communication between the Global and Node-Level Schedulers

We use the Ousterhout
 matrix to represent the global schedules due to its simplicity and generality.  The schedule is represented by the matrix, where the columns correspond to processors and the rows correspond to revolving time slices.  The ultimate goal of the global scheduler is to build the Ousterhout matrix that precisely defines a schedule for the system.  The scheduler modifies and/or rebuilds the matrix to accommodate new tasks, remove tasks that have terminated, and handle reconfigurations in system and task parameters.  When scheduling tasks, the scheduler starts by selecting which tasks to execute.  Once the selection is done, the scheduler performs the temporal and spatial allocation of tasks and processors, thus building an Ousterhout matrix.

Each node has a node-level scheduler that is responsible for implementing the schedule defined by the columns of the matrix corresponding to that node.

A typical Ousterhout matrix looks like the one shown in Figure 5 below.


Node 1
Node 2
Node 3
Node 4

Time 1
Job A
Job A
Job A
Job A

Time 2
Job B
Job B
Job C
Job C

Time 3
Job A
Job A
Job A
Job A

Time 4
Job B
Job B
Job D
Job D

Repeat cycle





Figure 5:  Typical Ousterhout Matrix from Global Gang Scheduler

2.3
G3:  To implement a node-level scheduler.

Each node in the gang-scheduling system has a node-level scheduler responsible for implementing the schedule defined by the global-level scheduler.  The node-level scheduler is responsible for executing the tasks for a given node.  This is implemented as a user-level process that uses the underlying process hierarchy tracing module and Linux process scheduler to execute tasks. 

The node-level scheduler obtains its corresponding column in the Ousterhout matrix. This contains the tasks to be executed and the timeslice for executing these tasks.  We have followed the round-robin scheduling algorithm at each node.  Therefore, each task is allocated a constant time of processor’s attention.  It will not communicate with other node-level schedulers in the system.  The node-level schedulers are synchronized by the messages from global scheduler.  The node-level schedulers may run on the same computer where the global-level scheduler is running or on a different computer. 

The node-level scheduler executes the schedule by setting an ALARM signal on the currently running task.  After the timeslice period, the currently running task is alarmed by issuing an ioctl() command for stopping the task to the kernel module that sends SIGSTOP signals to all processes of that task.  Another ioctl() command is issued so that the next task to be executed sends SIGCONT signals to all its processes.  

The node-level scheduler is implemented as a tcp server that forks new processes to handle incoming connections.  Shared memory is used to implement synchronization between the handlers of the connections.

There is a bi-directional communication between the node-level scheduler, global scheduler and kernel modules.  The kernel module sends a signal to the node-level scheduler for any unsolicited operation (e.g., discrepancy in the format of the submitted tasks) or during process/task termination.  When a process terminates/exits, the kernel module notifies the node-level scheduler of the process termination.  This in turn sends a message to the global-level scheduler to update the schedule and display utility.

2.4 G4:  To create a display utility to show scheduling activity and process hierarchy tracing information.

The display utility is a graphical user interface (GUI) that allows users to submit tasks to the scheduler and view the scheduling activity and process hierarchy information about the tasks.  The display utility communicates with only the global scheduler to update and maintain the information.  Figure 6 illustrates the display utility and the sub-sections below describe the operations of the display utility.
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Figure 6:  Display Utility

While assigning programs into tasks, in the first tab, the user can click on any of the existing tasks or programs in the list, causing the name of the task to be copied in the “Task (Group) Name:” textbox. This way it will make it easier to append new programs under a task without retyping the task name. 

Furthermore, some of the menus namely the Edit, Tools and the right-click menus are detachable, allowing the user to detach them and have them on the side for quicker access. To make one of the above mention menus detachable, just click on the dashed line at the bottom of each menu. 

2.4.1
File menu operations

File (Alt + F)


Submit
Ctrl + S


--------------------

Quit

Ctrl + Q

This menu allows the user to submit tasks (groups of programs) to the global scheduler.  Ctrl + S does nothing if the user has not added any tasks.  The global scheduler is responsible to create the program execution schedule (Ousterhout matrix).  The user must activate the “Submit Tasks” tab of the display utility to select programs to submit to the gang-scheduling system.  The user then clicks the “Submit” button in the bottom right corner of the tab to submit the programs to the gang scheduler.  To prevent unwanted submissions, a confirmation message appears after you click the “Submit” button.  The user can also right-click inside the tasks/programs window and select the “Submit” option

The user can quit the display utility by selecting the “Quit” option in the File menu, Ctrl + Q, or by clicking on the “X” button on the top right corner of the display utility.

2.4.2
Edit menu operations

Edit (Alt + E)

      Rename Task


CTRL + T

      --------------------------------


Delete


Ctrl + D


Delete All


Ctrl + A


--------------------------------
      

Reset Schedulers

Ctrl + R

Refresh Process Hierarchy
F5

This menu allows the user to do multiple edit operations.  The “Rename Task” option in the Edit menu allows the user to rename a task in the tasks/programs window.  The user can do this by selecting a task, right-click and select the “Rename Task” option, pressing Ctrl + T, or by selecting this option in the Edit menu.  A popup-menu appears on the screen with a text box for the user to enter the new task name.  The user can click the “Cancel” button on the popup-menu to cancel the rename request, or the “OK” button to rename the task.  A task name cannot contain any invalid characters (e.g., ‘?’, ‘|’, ‘,’, ‘.’, etc.).

The “Delete” and “Delete All” options in the Edit menu perform operations on the task groupings in the first tab.  The user can delete a specific program assigned to run under a task by selecting the program name and select the “Delete” option.  This can also be done by pressing Ctrl + D, by clicking the “Delete” button in the bottom left corner of the display utility, or by right-clicking on the program name and selecting the “Delete” option.  The display utility does not allow task names to be deleted unless there are no programs associated with it or the user selects the “Delete All” option.  The user can also delete all task/program associations by pressing Ctrl + A.  A confirmation message appears after any delete request to prevent unwanted consequences.

In the case where the user decides to reset the execution of the system, they can select the “Reset Schedulers” option or Ctrl + R. This will erase the process hierarchy tracing in the second tab and signal to all node-level schedulers as to reset their execution. A confirmation message will appear as a precaution measure.  

The user can refresh the process hierarchy tree displayed in the second tab of the display utility by selecting the “Refresh Process Hierarchy” option or by pressing F5.  This clears the content of the process hierarchy in the second tab and requests to all node-level schedulers to send the current process hierarchy tree structure maintained by the process hierarchy tracing mechanism (G1).  This feature allows the system to be independent of the display utility.  In the event that the display utility crashes, the user can restart it and select this option to get the latest process hierarchy tree from each node.

2.4.3
Tools menu operations

Tools (Alt + T)


Set Timeslice Value
Ctrl + V


--------------------------------


Collapse


Ctrl + O


Expand


Ctrl + X


--------------------------------


Sort Ascending

CTRL + C


Sort Descending

CTRL + E
The Tools menu allows the user to perform multiple operations.  The user can set the timeslice value for the gang scheduler.  This is the allowed time of execution in each slot for each task running on the node-level schedulers.  This value is in the range 1 through 300 seconds and the default value is 60 seconds.  The user can set this timeslice value by selecting the “Set Timeslice Value” option or by pressing Ctrl + V.

The “Collapse” and “Expand” options perform operations on the task/program associations in the tasks/programs window.  This allows the user to collapse or expand the tree structure.  This operation can be performed on the entire list of task/program associations (first tab) or on the process hierarchy tree (second tab).  The user can also collapse or expand the tree views by selecting the option in the Tools menu or by pressing Ctrl + O or Ctrl + X respectively.

The “Sort Ascending” and “Sort Descending” options perform operations on the task/program associations in the tasks/programs window.  This allows the user to sort the tasks and programs by name.  The user can also sort in ascending or descending order by clicking on the column header in the first tab called “Tasks/Programs Association” or by selecting the option in the Tools menu or by pressing Ctrl + C or Ctrl + E respectively.  These options have no effect on the process hierarchy tree shown in the second tab.

2.4.4
Help menu operations

Help (Alt + H)


About

F1

This menu allows the user to obtain information about the display utility.  To display the “About” box, the user can select this option in the menu or press F1.  The “About” box has information about the project and the team members.

3 Test and Performance Evaluation

This section describes our experimental evaluation of our gang-scheduling system.  Below, we list our assumptions.

· No 
messages are lost.

· All sent messages are delivered.

· FIFO ordering.

· Messages sent by the global scheduler arrive at all node-level schedulers at approximately the same time.

· Each node-level scheduler starts executing its schedule at approximately the same time.

Figure 7, below, it’s a screenshot of the display utility showing the association between some programs and tasks. The three small windows, with the window header “gdisplay” are the three detachable menus: the one at the top is the right click menu, in the bottom left side is the Edit menu and the other one is the Tools menu.
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Figure 7: Screenshot of the Display Utility while grouping programs to tasks.

The next screenshot shows the second tab of the display utility, namely the “Process Hierarchy Tree” tab. The display of the processes is grouped into their tasks primarily and to the program name and machine ip secondarily. Programs assigned in the same task are display under the same task name. The last column shows the execution status of each program in each task. There are three statuses:

· Running: The program (task) is currently running on the specific node (Note we only show the program name as running and not the specific process id of that program. This is because process context switch very fast and it will be hard for the human eye to track).

· Idled: The program has been suspended until it’s continued by the node-level scheduler, based on the execution schedule submitted by the global scheduler.

· Terminated: The program and all of its processes has finished execution.
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Figure 8:  An instance of the Process Hierarchy Tree.

4 Conclusions and Future Work

The goal of this project was to develop a gang-scheduling system that uses process hierarchy tracing to implement the genealogy concept in the Linux kernel.  

4.1 Conclusions

The gang-scheduling system implementation involves four main components:  the process hierarchy tracing mechanism, global gang scheduler, node-level scheduler, and display utility.  We can conclude that we successfully implemented each component.  Refer to Section 2 for design and implementation details of each component.

The implementation of the genealogy concept involves five mechanisms, in addition to the basic functionality necessary to schedule tasks.  Below, we describe how each mechanism was implemented in our gang-scheduling system.

M1:
A mechanism to create new tasks.

The display utility allows the user to create new tasks and submit them to the global scheduler for execution.

M2:
A mechanism to associate processes to tasks.

The display utility allows the user to form task/program associations.  These associations are submitted to the global scheduler and maintained by the process hierarchy tracing mechanism.


M3:
A mechanism to terminate all processes in a task.

The display utility allows the user to select an option (Edit → Reset Schedulers) to terminate all processes in a task.  This request is submitted to the global scheduler, who in turn, passes the message to the node-level schedulers.  The node-level scheduler implements the mechanism to terminate the processes.


M4:
A mechanism to capture all dynamic process creation and termination in order to establish the genetic footprint.


The process hierarchy tracing mechanism maintains a data structure in each node-level scheduler to trace activity of child processes.  The mechanism intercepts system calls to ensure tracing of all tasks submitted to the global scheduler.

M5:
A mechanism to prevent any “escape hatches” that allow processes to leave a task.

The process hierarchy tracing mechanism prevents “escape hatches” by tracing process activity when processes exit.  As processes exit, they are removed from the data structure, and if they have any children, the children are inherited by the immediate ancestor of the exiting process.


We can conclude that we successfully implemented the genealogy concept, and that we successfully developed a gang-scheduling system that incorporates the genealogy concept in the Linux kernel.

4.2 Future Work

There are several implementations for this project and several ways to improve the throughput of the tasks.  This section describes a few ideas for future work on this project.

-
Implement message passing differently.  We use strings as our primary form of communication between the schedulers and between the global scheduler and the display utility.  This was practical for our application, but in a large-scale system, the use of strings would deteriorate performance.

-
Implement the execution of the schedule by the node-level schedulers more efficiently.  The node-level scheduler simply implements the schedule delivered by the global scheduler.  This schedule is not guaranteed to be the most efficient schedule, as it may have empty slots.  The node-level scheduler could use an alternative selection process to execute a different process in its schedule during an empty timeslice.  An alternative process method is introduced in the paper, “Scheduling Techniques for Concurrent Systems” by John K. Ousterhout.

-
Implement the gang scheduler inside the kernel by directly modifying the kernel scheduler.

-
Implement the global scheduler so that it would pass the wall-clock time that a task should begin running.  The node-level schedulers could also be re-implemented to query the current time from the node in which it is running, and consider that time when it receives its scheduler.  NTP could be used to synchronize the wall-clock time between the nodes.

5 Contributions of Team Members

The workload for the project was distributed amongst the team members as follows.

G1:
Implement a process hierarchy tracing mechanism in the Linux kernel.



Team Members:  Kristis Makris, Charalambos Odysseos

G2:
Implement a global gang scheduler.



Team Member:  Sabrina Brown

G3:
Implement a node-level scheduler.



Team Members:  Kristis Makris, Sanjay Darisi

G4:
Create a display utility to show scheduling activity and process hierarchy tracing information.


Team Members:  Charalambos Odysseos, Sabrina Brown

This project consisted of thorough testing of G1 through G4.  All team members contributed an adequate amount of time to test and debug all aspects of the project.

6 Project Demo Description

Team 3: Gang-Scheduling Implementation using Process Hierarchy Tracing

Place: GWC 237

Time: 5/2/2002 17:00

Three separate machines will be used for this demo, all running version 2.4.17 of the Linux kernel.  In each of those the node-level scheduler (gangnd) runs as a daemon accepting tcp connections.  The daemon interfaces with /dev/gtrace, a character device created by the process tracing kernel module in order to keep track of the process hierarchy and start/stop/continue/kill tasks.

In one of those machines, the global scheduler (ganggd) also runs as a daemon accepting tcp connections.  The graphical display utility (gdisplay) is started from the machine on which the global scheduler runs and it listens for incoming tcp connections.  It sends all its commands to the global scheduler, and receives from it update information about the status of the entire system.  The display utility, global-scheduler and node-level scheduler do not interfere with each other since they listen to different ports.

Custom build programs that fork children and then go to sleep will be used as test cases for building and starting multiple tasks.  Due to network configuration constraints, NFS will not be setup to provide a shared storage location.  However, an illusion of shared storage will be provided by copying the test binary files in the exact same directory on each machine, namely /usr/local/team3-lgang/tests.  These files will be selected using the display utility as the programs to be grouped into tasks and run, along with other standard utilities

provided with any Linux distribution that are expected to be properly installed, such as /bin/ls, /bin/bash, etc.

Our current design requires the display utility, written using the QT-2.3 Windowing Toolkit, to always be run on the same machine the global scheduler is run.  We were unable to setup a machine in the lab that was comprised of both an installation of the QT libraries and an installation of an XFree86 server properly supporting the video card.  Thus, we will be forwarding the X display of the display utility to a machine that provides a functional X server instance.
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� The term genealogy, its concept, and its implementation are introduced in “Process Tracking for Parallel Job Control” by Hubertus Franke, Jose E. Moreira, and Pratap Pattnaik.  (http://www.research.ibm.com).


� The Ousterhout Matrix idea is presented in “A Gang-Scheduling System for ASCI Blue-Pacific” by Jose E. Moreira, Hubertus Franke, Waiman Chan, Liana L. Fong, Morris A. Jette, and Andy Yoo.
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