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Gang scheduling has recently been shown to be an effective task scheduling policy for
parallel computers because it combines elements of space sharing and time sharing [10, 20]. In
this paper, we propose new policies to enable gang scheduling to adapt to environments with
real-time constraints. Our work, to our best knowledge, is the first attempt to address these
real-time aspects with gang scheduling. Our system, guided by a metric called the “task utiliza-
tion workload,” can schedule both real-time and non-real-time tasks at the same time. In this
paper, we report simulation results obtained using a family of scheduling algorithms based on
our proposed metric. Our scheme is designed for practical use with large scale industrial and
commercial parallel systems. Preliminary simulation results also show that our proposed
policy is effective for real-time scheduling and can schedule non-real-time tasks with fairness
and good throughput.

Keywords: real-time scheduling, gang-scheduling, parallel softwares, hierarchical and
distributed control, multiprocessor scheduling algorithm

1. INTRODUCTION

With advances in parallel computer architectures, parallel machines can now provide
the aggregate computing power necessary for large-scale scientific and industry applications.
Meanwhile, the lack of system software support for parallel environments has prompted
many research and industry efforts in an attempt to improve the ease of use of parallel
environments. The most notable recent developments and research efforts in parallel sys-
tem software include works focusing on parallel languages and environments, such as MPI
[6], PVM [4], HPF [13], pC++[1, 17] etc., on optimizing compilers and library support [12, 16,
23, 24] to optimize program performance, and on task scheduling [10, 20] for parallel operat-
ing systems or runtime libraries. As a result of the large number of academic research efforts
along with industrial development efforts, many parallel systems are now gradually finding
their way into use in industrial and commercial applications in additional to conventional
large scale scientific applications. For example, parallel machines with balanced 1/0 perfor-
mance [15] can now be used with high-end Web servers and possibly in data-mining pro-
cessing [7, 8].
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While the recent advances in system software supporting message-passing libraries,
parallel languages, optimizing compilers, and task schedulings have helped move parallel
computing into new commercial and industrial applications, we argue that additional key
supports are needed to solidify the place of parallel computers in this newly expanded
territory. In our opinion, one of the key features needed is real-time support, as most of the
industrial systems needing for high-end performance often require real-time support. Ex-
amples include parallel computers used for radar and DSP applications, and servers for
wireless communications. It, however, remains an open question how real-time support can
actually be incorporated into modern parallel system software which include languages,
compilers, and schedulers. In this paper, we address this aspect of real-time support for a
class of important task scheduling policies, known as gang scheduling, for parallel
environments.

In a parallel system, there is a set of parallel tasks. Tasks need to communicate with
each other. To resolve the issue of synchronization of tasks, especially in fine-grain
interactions, it is best if the scheduler can guarantee that tasks can be executed in the
processors simultaneously. Gang scheduling is an efficient way of scheduling interacting
tasks or threads because it can guarantee that a number of interacting tasks can run on
distinct processors simultaneously [10]. In addition, recently, a mechanism called distrib-
uted hierarchical control (DHC) [9] has often been employed to perform gang scheduling.
On the other hand, a real-time system will have tasks with additional timing constraints,
which need to be satisfied. In our model, there is a system of preemptable, parallel tasks 7=
{T, T,, ..., T,}, in which gang size and, possibly, timing constraints are specified. There are
two kinds of tasks in the system, real-time or non-real-time, depending on whether or not
deadlines exist. Real-time tasks need to finish execution before deadlines; otherwise, the
results will be useless or some penalties may apply. The response times of real-time tasks are
not important. Non-real-time tasks don’t have deadlines, minimizing the response time and
improving the fairness of resource usage are the prime goal when we schedule non-real-time
tasks. In addition, reducing waste in idle processors due to gang scheduling is also crucial
for the performances of our system.

The key strategies presented in this paper are outlined as follows. First, our system is
priority driven, and tasks are on-line tasks. We use a metric called “the task utilization
workload” to guide the scheduling of both real-time and non-real-time tasks. In our pro-
posed approach, the current demands of real-time tasks are used as a metric to estimate how
many slack time is available for executing non-real-time tasks. The slack time is the maximum
amount time we can use to schedule non-real-time tasks before the real-time tasks miss their
deadlines. If the amount of slack time is small, we need to execute the real-time tasks
immediately. Second, to schedule real-time and non-real-time tasks properly, our system
provides three queues. The first one is a real-time queue, used by real-time tasks. The
second one is a non-real-time queue, in which non-real-time tasks exist. The third queue is
used to prevent starvation of tasks that need large processor gangs. When a non-real-time
task request large number of processors and idle for a long time, it is moved into the queue
with higher priority to avoid starvation. Finally, a real-time task is scheduled using the early
deadline first (EDF) scheme, and a non-real-time task is scheduled based on fairness or
priority as set earlier by the system when the threshold of our proposed workloads indicate
that a non-real-time task should be scheduled. Non-real-time tasks are given quantum to be
scheduled, and when they are context switched, remapping scheme is allowed to reduce the
waste in gang-scheduling [20].
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We obtained simulation results for a family of scheduling policies using our proposed
metric called the “task utilization workload” and determined their characteristics. Our simu-
lations incorporated both distributed hierarchical control (DHC) and arbitrary allocations
(where processor allocations are allowed whenever there are idle processors). Preliminary
simulation results show that our policy is an effective scheme for performing real-time
scheduling, while it can schedule non-real-time tasks with fairness and good throughput.
Currently, we are using our scheduling framework on a 32 node Mercury Race computers
and 80-node IBM SP-2 accessible to us for performing actual parallel real-time computations,
such as for radar and DSP applications, and for server use for wireless communications.

The remainder of the paper is organized as follows. Section 2 gives a precise defini-
tion of the system configuration for our model. Next, section 3 presents our scheduling
policies for gang scheduling with real-time tasks. Section 4 presents the experimental results.
Finally section 5 discusses the related work, and section 6 concludes this paper.

2. SYSTEM CONFIGURATION

Given a system of preemptable, parallel tasks 7= {T}, T,, ..., T,} in which each task T;
is characterized by the following parameters, which are rational numbers:

e d;: deadline of T; by which time 7; must be completed. This is for real-time tasks only.

e ¢;: the execution time of task 7}, which is the time required to execute 7; to completion in
the traditional sense.

e g;: the gang size, the number of processors needed for execution by task 7.

There are two kinds of tasks in the system. Tasks are real-time or non-real-time,
depending on whether or not deadlines exist. Real-time tasks need to finish execution before
deadlines; otherwise, the results will be useless, or some penalties may apply. The response
times of real-time tasks are not important. Non-real-time tasks don’t have deadlines, so
minimizing the response time and improving the fairness of resource usage are the prime goal
when we schedule non-real-time tasks. The number of available processors in the system,
denoted as m, is usually a power of 2, such as 128 or 256.

The system is priority driven; that is, processors never idle when there are tasks ready
to and can be executed. To schedule real-time and non-real-time tasks properly, our system
provides three queues. The first one is the real-time queue, used by real-time tasks. The
second one is a non-real-time queue, in which the non-real-time tasks exist. The third one is
a semi-real-time queue. The job of the third queue is to prevent starvation of tasks that need
large processor gangs. When a non-real-time task requests a large number of processors,
there may not be enough processors available for quite a long time. It is possible that this
task can never be executed. To avoid starvation of this task, we temporarily move it into
semi-real-time queue when it has been waiting for a long time, and we schedule it as a real-
time task. While the task is in the semi-real-time queue, the deadline is set to the earliest
deadline of all the real-time tasks. After the task is executed once, it is moved back to the
non-real-time queue.
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The scheduling policy that the schedule will apply whenever it needs to make a sched-
uling decision is presented in the next section.

3. SCHEDULING POLICY

In our system, there are three queues. We need a good scheduling policy to help the
scheduler make decisions whenever there are processors available for executing tasks. The
goal of our scheduler is to find a good schedule in which real-time tasks are completed before
their deadlines and non-real-time tasks are completed as soon as possible. Moreover, we
also want to achieve the goal of gang scheduling so that wastes will be minimized and
fairness of resource usage will be guaranteed. To achieve this goal, we can not schedule
real-time tasks too early or too late. If the scheduling policy is to schedule real-time tasks as
early as possible, the number of real-time tasks that miss their deadlines is minimized, but the
non-real-time tasks will have bad response time. On the other hand, if we try to improve the
response time of non-real-time tasks by delaying the execution of real-time tasks, the number
of real-time tasks that miss their deadlines might increase. This is a trade-off between the
execution of real-time and non-real-time tasks. In this paper, we propose several approaches
to finding the best scheduling policy for scheduling such a system.

In our scheduling policy, one way to resolve this problem is to find the maximum
amount time we can use to schedule non-real-time tasks before the real-time tasks miss their
deadlines. This amount of time is called the slack time of the real-time tasks. Due to the
complicated nature of gang-scheduling, it is impossible to compute the exact amount of slack
time for each real-time task. To estimate current amount of slack time in our multi-processor
system, we use the current demands of real-time tasks as a metric to estimate how many slack
time is available for executing the non-real-time tasks. If the amount of slack time is small, we
need to execute the real-time tasks immediately. We set a threshold for the decision making
process. If the current demand of real-time tasks is less than the threshold, it is safe to
schedule non-real-time tasks for execution. If the current demand of real-time tasks is higher
than the threshold, we must execute the real-time tasks immediately; otherwise, some real-
time tasks might miss their deadlines. In this approach, we do not compute the demand of
real-time tasks directly. Instead, we compute the total utilization of real-time tasks. To
measure the current demand of real-time tasks, we propose two different formulas to calcu-
late the total utilization of real-time tasks. They are even distribution utilization and uneven
distribution utilization formulas, respectively. We will give the details idea in the next
subsection.

3.1 Even Distribution Utilization (EDU)

The most simple way to compute the total utilization of real-time tasks is to compute
the utilization of individual real-time tasks first and to then add them all together. In this way,
we can evenly distribute the execution time of tasks based on a feasible scheduling interval.
It is obvious that we favor real-time tasks for execution than non-real-time tasks in this
approach. Ifno new on-line tasks arrive later, the total utilization decreases whenever a real-
time task finishes. When an on-line task arrives, this formula is updated immediately to
reflect the current demand of real-time tasks, therefore, the scheduler has a better chance to
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finish each on-line real-time task before its deadline. First, we will give a formal definition for
Even Distribution Utilization for a single task. After that, we will define Even Distribution
Utilization for a set of real-time tasks.

Definition 1: Even Distribution Utilization of task 7}, denoted by u;, is defined as follows:
u;=(e; * g) / ((d; — current_time) x m),

where g;, e, and d; are the same as in section 2 for system configurations, and m is the number
of processor in the system. In this definition, we assume that the demand of task T;is evenly
distributed to the feasible scheduling interval of 7; (i.e., the feasible scheduling interval of 7;
is the interval (current time, ;) to which 7; can be scheduled). After u; is calculated, we define
the Even Distribution Utilization of a set of real-time tasks as follows:

Definition 2: Even Distribution Utilization of task set 7, denoted by U, is defined as follows:
U=73 e ().

We will use the following example to show how to compute the EDU of a set of real-time

tasks. In this example, we have 8 processors. Assume that current time is 0, and that there

are three real-time tasks ready for execution. The parameters and timing constraints of these
three tasks are listed in Table 1.

Table 1. EDU of three real-time tasks.

Task  d; 8 e (e*g)
T 2 4 2 8 8/16
T, 3 4 3 12 12/24
T 6 2 4 8 8/48

EDU = (8/16 + 12/24 + 8/48) = 7/6

In this example, there are three real-time tasks. The first task, denoted by T, has
deadline 2, execution time 2 and gang size 4. The second task 7, has deadline3, execution
time 3 and gang size 4. The last task 73 has deadline 6, execution time 4 and gang size 2.
Assume that the current time is 0. According to our formula, the utilization of 73, 7, and T; is
8/16, 12/24 and 8/48, respectively. Therefore, the EDU of this task set at time 0 is U= (8/16 +
12/24 + 8/48) ="7/6. Since we evenly distribute the real-time demand of each real-time task into
its feasible scheduling interval first and then add them together, it is possible that the EDU
will be larger than one. This doesn’t mean that the system is overloaded. In our example,
when the current time is 0, the EDU is large than one. Therefore, we execute real-time tasks
immediately. The EDU is just a metric used to measure how urgent real-time tasks need to be
executed.
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3.2 Uneven Distribution Utilization (UDU)

In the second approach, we try to measure the demand of the real-time tasks by
distributing the execution time of real-time tasks to their feasible scheduling intervals in an
uneven way. We mean “uneven” from the point of view of single real-task. If we treat all the
real-time tasks together, we actually try to distribute their real-time demands into their fea-
sible time intervals as even as possible. The utilization computed in this way can truly reflect
the actual system load, but the risk that real-time tasks will miss their deadlines is increased.
In other words, when we compute the total utilization of real-time tasks at the current time,
the tasks with earlier deadlines will contribute more and that with late deadlines will contrib-
ute less. Before we explain how to compute the UDU of all real-time tasks, we will first define
the UDU of individual tasks as follows:

Definition 3: Uneven Distribution Utilization of task 7}, denoted by u;:

u =3 ,.(e*g;)/((d —current_time)* m),
where g, e;, and d; are the same as the one used in section 2 for system configurations, and
m is the number of processors in the system. When we compute the UDU of task 7, we
assume that the deadlines of tasks with deadlines earlier than d; can be extended to d;;
therefore, the real-time demands of tasks with deadlines earlier than or equal to d; can be
evenly distributed to the time interval (current time, d;).
Definition 4: Uneven Distribution Utilization of task set 7, denoted by U:

U = MAstiSn (ui)'

The UDU of the set of real-time tasks is the maximum #; among all the individual real-
tasks. We will use the same example to show how the EDU of a set of real-time tasks is

computed . The parameters and timing constraints of these three tasks are the same as
before. Their UDU is listed in Table 2.

Table 2. UDU of three real-time tasks.

Task di gi e; u;
T, 2 4 2 8/16
T, 3 4 3 20/24
T, 6 2 4 28/48

UDU = MAX (8/16, 20/24, 28/48) = 20/24

There are three real-time tasks in this example. Assume that the current time is 0.
According to our formula, the UDU of T3, 7, and 75 is 8/16, 20/24 and 28/48, respectively.
Therefore, the UDU of this task set is U = MAX (8/16, 20/24, 28/48) = 20/24.
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4. EXPERIMENT RESULTS

In this section, we will report simulation results obtained using our proposed schedul-
ing policy. Fig. 1 and Fig. 2 show the results for our first test set. The data set used had
normal distribution, and the system was assumed to have 128 processors. The parameters
used are listed below:
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Fig. 1. MissRate: EDU vs. UDU.
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Fig. 2. Response time of non-real-time: EDU vs. UDU.
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arrival time: mean = 50, variance = 15;
task length: mean = 320,variance = 120;
gang size: mean = 16, variance = §;
deadline/task-length:

mean = 1.8, variance =0.3;
50% real-time tasks;

50% non-real-time tasks;
80% loaded.

Fig. 1 shows the miss rate of real-time tasks when threshold grows. The scheduling
policies we used to obtain in the result shown in Fig. 1 employ the EDU and UDU models.
Fig. 2 shows the response time of non real-time tasks with increasing thresholds under the
EDU and UDU models, respectively. Both of the models show that the response time of non
real-time tasks improve as the threshold grows. This threshold is the same one we use to
estimate the urgency with which we need to schedulereal-time tasks. When we find that it is
not urgent to schedule real-timetasks, we can schedule non real-time tasks first to improve
their responsetime. There is a tradeoff between the scheduling of real-time and nonreal-time
tasks. The threshold is the guideline for finding a tradeoff. In our experiment, if the real time
task utilizationrate was lower than the threshold, we could assume that the probability that
real-time tasks would miss their deadlines was still low. In this case, we could perform non
real-time tasks to improve the system throughput and the response time of non real-time
tasks.

A second data set showing the properties which the algorithms have in common is
shown in Fig. 3 and Fig. 4. The second test set also had normal distribution, and the
parameters were as follows. The system was assumed to have 128 parallel processors and to
be 85% loaded. In addition, the variance of the distributions in this set was smaller than that
in the first set:

MissRate

Y X106 ST
ubDuU
80.00 =
70.00 |~
60.00 =
50.00 =
40.00 =
30.00 =
20.00 =
10.00 =
000 Thresholds
L L L L 3
200.00 400.00 600.00 800.00 X x10

Fig. 3. MissRate: EDU vs. UDU.
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Response Time

320.00

280.00
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Fig. 4. Response Time: EDU vs. UDU.

arrival time: mean = 50, variance = 5;
task length: mean = 173,variance = 12;
gang size: mean = 32, variance = 4;
deadline/task-length:

mean = 1.8, variance = 0.3;
50% real-time tasks;

50% non real-time tasks;
85% loaded.

Again, Fig. 3 shows the miss rate of real-time tasks when the threshold grows for EDU
and UDU models, respectively. Fig. 4 shows the response time of non real-time tasks with
increasing thresholds under the EDU and UDU models, respectively. This information
represents a first step in characterizing these two models and is, thus, useful. For example, if
a real-time system needs to guarantee QoS (quality of service) with a miss rate under 5%, we
can utilize the characteristics shown of Fig. 3 to find the best response time of non real-time
tasks while satisfying the QoS requirements as well.

Focus is now directed to Figs. 5, 6, 7, and 8, where we show the characteristics of the
proposed policy when the workload of the system increases. The workload of a real-time
system is an important factor determining the behavior of the real-time system. When the
workload of the system increases, the urgency of real-time tasks also increases. In this case,
to guarantee that the real-time tasks will meet their deadlines, the scheduler prefers to sched-
ule real-time tasks first. The test set was the same as the first test set, but the workloads of
the system were set to 77.5%, 80%, 82.5%, and 85%, respectively. Figs. 5 and 6 show the
miss rate of real-time tasks under the EDU and UDU models, respectively. As seen in the
figures, the miss rate of real-time tasks increases when the workload of the real-time system
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Fig. 5. MissRate of EDU with varied loads.
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Fig. 6. MissRate of UDU with varied loads.

increases. Figs. 8 and 9 show the response time of the non real-time tasks under the EDU and
UDU models, respectively. As seen in this figure, the response time of the non real-time
tasks increases when the workload of the real-time system increases. To keep the response
time of the non real-time tasks within a reasonable range, we need to increase the thresholds.
The drawback of increasing the threshold is that the miss rate of the real-time tasks will
increase. All of the above scheduling is based on arbitrary processor allocations; i.e.,
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Fig. 7. Non-real-time task response of EDU with varied loads.
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Fig. 8. Non-real-time task response of UDU with varied loads.

processor allocation is allowed whenever there are idle processors. In addition, we show our
processor allocation algorithms based on distributed hierarchical control (DHC) [9]. Fig. 9
shows the preliminary performance results when EDU and DHC to work together. The
second data test was used, the number of processor nodes was set to 128, and the work load
was set to be 60%. In addition, the one with higher miss rate is with 70% real-time tasks in the
system, while the other one is with 50% real-time tasks in the system. Both of them exhibit
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Fig. 9. Miss Total with EDU and distributed hierarchical control.

behavior similar to those in our earlier experiments. Finally, we want to point out that our
proposed schemes are superior to a naive scheme which always schedules real-time tasks
with highest priority. The response time of non-real-time tasks with this naive scheme will be
the slowest one among the data reported in Fig. 4 and etc. Significant improvement can be
made by incorporating our proposed workload model.

5. RELATED WORK

Our work deals with on-line gang scheduling for real-time tasks. In the related work,
Baruah et al. [5] gave the on-line real-time scheduling and gave a nice upper bound on the
best performance on-line real-time scheduling can get. Shih et al. [21, 22] gave several on-
line algorithms for scheduling real-time tasks in the imprecise computation model. Liu et al.
[19] studied the periodic task scheduling and gave an elegant worst case utilization bound
for the famous “rate monotonic” scheduling algorithm. All of the important results above
with real-time schedulings are for a single processor.

In the work related to scheduling in parallel processors, the work in [11] proposed a
scheduling algorithm — the list scheduling algorithm for scheduling tasks in a multi-proces-
sor system. They also derive two nice approximation bounds for the worst performance of
this algorithm. This work is for parallel and on-line environments, but not for real-time
systems. The work in [2] uses the network flow to find an optimal schedule for a multi-
processor system to minimize mean weighted execution time of real-time tasks. In addition,
the work in [3] is an excellent survey for real-time scheduling on parallel computers. However,
none of the above work deals with the issues with gang schedulings. Gang scheduling is a
mechanism to resolve the synchronization issue of tasks, especially in the fine-grain
interactions. The scheduler can guarantee that tasks can be executed in the processors
simultaneously.
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The work done in gang scheduling for parallel machines can be seen in [9, 10]. Recently,
remapping is used to improve the system utilizations in gang schedulings [20]. These work
with gang scheduling did not deal with the issues with real-time systems. Kwon et al. [14]
addressed the issues with task scheduling in hypercube systems. Their work only deals
with admission controls to decide if the arrival of a real-time task should be granted admis-
sion for scheduling. Their system did not handle DHC mechanism, and can’t schedule non-
real-time tasks.

6. CONCLUSIONS

Gang scheduling has recently been shown to be an effective task scheduling policy
for parallel computers because it combines elements of space sharing and time sharing. In
this paper, we have proposed a new policy which can enable gang scheduling to adapt to
environments with real-time constraints. This, to our best knowledge, is the first work to
address the real-time aspects of gang scheduling. Our system, guided by a metric called the
“task utilization workload,” can schedule both real-time and non real-time tasks at the same
time. In this paper, we have reported simulation results obtained using a family of schedul-
ing algorithms based on our proposed metric. In our scheduling algorithm, we use thresh-
olds to control the tradeoff between real-time and non real-time tasks. Preliminary simulation
results also show that our proposed policy is an effective scheme for performing real-time
scheduling while it can schedule non real-time tasks with fairness and good throughput.

Our scheduling algorithms do not consider the case where the workload of the real-
time system is changing dynamically. We also have not considered situations where the
real-time tasks have hard deadlines, that is, where real-time tasks can not miss their deadlines.
We are now working on these two problems.
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