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ABSTRACT Scheduling algorithms must decide the job scheduling (which and
how many jobs should be executed) and the processor allocation
very important feature: job malleability. Job malleability is the (hOW many and which processors allocate to each job). One of the
capacity of an application to dynamically adapt its parallelism to Main problems of the processor scheduling is how to deal with the
the number of processors allocated to it. We believe that job mal- problem of processor sharing. Traditionally, there have been three

leability provides to applications the flexibility that a system needs approaches_to deal With this problem: space sharing, time sharing
to achieve its maximum performance. We also defend that a sys-a"d space-time sharing (Gang Scheduling).

tem has to take its decisions not only based on user requirements . - .
but also based on run-time performance measurements to ensurd "€ SPace sharing approach [14][1] partitions the machine among

the efficient use of resources. Job malleability is the application & nUmbper of appllr(]:_atlonsﬁ_AppllcatloEshrun (;n these part't'o':f asin
characteristic that makes possible the run-time performance analy-a _dedlcated mac |ne._T is approach has the advantages that mini-
sis. Without malleability applications would not be able to adapt MiZeS the context switches and reduces the loss of performance

their parallelism to the system decisions. To support these ideas,due to synchronizations since all the threads of an application run

Wwe present two new approaches to attack the two main problems ofSimultaneously. However, it has the drawback that in execution
Gang Scheduling: the excessive number of time slots and the frag_enwronments with fixed processor allocation this technique can be

mentation. Our first proposal is to apply a scheduling policy inside _unresp_orlsive and introduce§ fra_g_mentation. Dynamic space-shar-
each time slot of Gang Scheduling to distribute processors amongIng policies such as the equipartition [14] do not have these prob-

applications considering their efficiency, calculated based on run- lems because processor allocation is modified dynamically.
time measurements. We call this policy Performance-Driven Gang

Scheduling. Our second approach is a new re-packing algorithm, ; 9 oo
Compress&Join, that exploits the job malleability. This algorithm scheduling basis without knowledge about applications or thread

modifies the processor allocation of running applications to adapt synchrc_ml;atlon. Tlh's apfproafch introduces a gLeat nun;]ber_of con-
it to the system necessities and minimize the fragmentation and text switches and loss of performance due to the synchronizations

number of time slots. These proposals have been implemented in aysually four_ld in parallel applications. This approach is frequent in
SGI Origin 2000 with 64 processors. Results show the validity and >MP machines and has not shown good results when the number
convenience of both, to consider the job performance analysis cal-Of thréads exceeds the number of processors in the parallel
culated at run-time to decide the processor allocation, and to use anachine, as Tucker and Gupta showed in [23].

flexible programming model that adapts applications to system
decisions.

The OpenMP programming model provides parallel applications a

The time sharing approach considers the thread as an individual

And finally, the combination of the two previous approaches,
space-time sharing or Gang Scheduling [4][6], has the following
characteristics: Application threads are grouped into gangs,
1. INTRODUCTION threads in a gang are executed simultaneously, and time sharing is
Processor scheduling in a multiprocessor machine is a difficult used among gangs. Common reasons to use Gang Scheduling are
task. its responsiveness and efficient use of resources.

This work is based on two main ideas. The first one, and the more
important, is that OpenMP [16] is a programming model easy to
use and that it provides a very important feature to parallel jobs:
job malleability [5]. Job malleability is the capacity of an applica-
tion to dynamically adapt its parallelism to the number of proces-
sors allocated to it. We believe that the flexibility to adapt to the
execution environment provided by malleability marks the differ-
ence among execution environments and clearly determines the
system performance. If applications are malleable, the system can
dynamically take the scheduling decisions and applications adapt
their parallelism to its decisions. Otherwise, applications are rigid



and the system has to take its decisions as a function of the jobsthe scheduler are critical since they can not be modified. Examples

requirements. Job malleability is the first point that we want to
defend in this work, and also provides us the basic mechanism to
the second important point in this work. This second point is that

of static partitioning are FIFO, Smallest Job First [13] or Worst Fit
(these policies can be used with Backfilling [10]). Dynamic space
sharing does not have these problems because the processor alloca-

the number of processors allocated to an application should betion is dynamically modified. Examples of dynamic space-sharing
determined by the scheduling policy, based on user request, butpolicies are equipartition [14], equal_efficiency [15], equip++ [2]
also considering run-time measurements to ensure a good proceser PDPA [1]. However, dynamic space sharing policies have been

sor utilization. Job malleability allows to perform run-time mea-
surements and to dynamically modify the processor allocation of
running jobs.

To demonstrate the validity of our ideas we present two new
approaches to improve Gang Scheduling attacking the two main
problems of Gang Scheduling: the excessive number of time slots
[26] and the fragmentation [26][4].

First approach: The processor allocation policy used is an orthog-

onal factor to the fact of using Gang Scheduling. For this reason,
we propose to apply a space-sharing policy to each time slot. This
policy allocates processors to applications as a function of their
performance measured at run-time. We demonstrated in [1][2] that

this is a good approach in dynamic space-sharing environments.

We will refer to this combination as Performance-Driven Gang
Scheduling, PDGS.

Second approach: Since OpenMP applications are malleable,

there is no need to suffer from the fragmentation. We can modify
the processor allocation of running applications to fit an applica-
tion in an idle processor or by reducing the number of time slots.
We will present a re-packing algorithm, Compress&Join, that
exploits this feature.

This work has been implemented and evaluated in a SGI Origin
2000 [25] with 64 processors. Since most of the previous works
are based on simulations, we have included in this work an initial
evaluation comparing Gang Scheduling with several dynamic

presented as difficult to implement in real systems.

Gang Scheduling is a technique proposed by Ousterhout in [17]
that combines space and time sharing and it was presented as the
solution to the problems of static space-sharing policies. Feitelson
and Jette argue in [6] that Gang Scheduling solves the problem of
taking incorrect decisions while performing job scheduling. Feitel-
son and Rudolph comment in [8] that academically speaking Gang
Scheduling is inferior to dynamic partitioning, but that dynamic
partitioning is difficult to implement and that the drawbacks of
gang are not so critical. They conclude that “the advantages of
Gang Scheduling generally outweigh its drawbacks”.

Several works have analyzed the problem of fragmentation in
Gang Scheduling and have proposed several re-packing algorithms
as solution to this problem. Feitelson in [4] analyzes several algo-
rithms of job re-packing for Gang Scheduling and concludes that
the best option is a buddy system or use migration to re-map the
jobs (based on a first-fit algorithm). Feitelson and Rudolph propose
and evaluate Distributed Hierarchical Control (DHC) in [7][9].
DHC is a design using a hierarchy of controllers that dynamically
re-partitions the system according to changing job requirements.
They show through simulations that DHC achieves performance
comparable to off-line algorithms. Zhaat al. [26] also attack the
fragmentation problem and present ideas such as job re-packing,
running jobs on multiple slots and minimizing the number of time
slots in the system to improve the buddy scheme for Gang Sched-
uling. Setia [18] shows through simulations that Gang Scheduling
policies that support job migration offer significant performance

space-sharing policies and with a batch policy to have a referencegains over policies that do not use remapping. In this work, we

about the performance of these policies in our execution environ-
ment.

have implemented a migratable Gang Scheduling.

Other authors have analyzed other aspects of the performance of

Results show that both approaches, the use of job performanceGang Scheduling under different kind of applications. Silva and

analysis and the job malleability, offer significant gains compared
with a traditional Gang Scheduling. However, in the experiments
performed in this work, even with our improvements, Gang Sched-
uling has not outperformed the dynamic space-sharing policies
evaluated as a reference in this work.

The remainder of this paper is organized as follows: Section 2 pre-

Scherson propose Concurrent Gang [20] to improve the perfor-
mance of I/O intensive applications. Using simulations they show
that Concurrent Gang combines the advantages of Gang Schedul-
ing for communication and synchronizations intensive applications
with the flexibility of a Unix scheduler for I/O intensive applica-
tions. They also classify applications through run-time measure-
ments in [21] to provide better service to I/O bound and interactive

sents some related work, Section 3 describes some space sharingpbs under gang. They propose to improve the utilization of idle

policies and compares them with Gang Scheduling. Section 4 pre-

times (idle slots and blocked tasks) and to control the spinning

sents our proposals to improve the performance of Gang Schedul-time of tasks. Gare and Leutenegger [11] analyze the relation

ing through job performance analysis and job malleability, and
finally Section 5 presents the conclusions of this work.

2. RELATED WORK

Static space-sharing policies have the drawback that their deci-
sions have a great impact in the response time of applications an
in the resource utilization. With these polices, decisions taken by

between job size and quantum allocation. They allocate a number
of quanta inversely proportional to the number of processes per job
to reduce the slowdown. Zhang et al. [27] combine backfilling and
Gang Scheduling in Backfilling Gang Scheduling. As them, we
also believe that space sharing scheduling is orthogonal to the

OIGang Scheduling concept, and this is one of the important points in

this work.



3. GANG SCHEDULING VS. SPACE SHAR- target efficiency. The PDPA applies a search algorithm to each

ING parallel application running in the system to decide the number of

. . . processors that achieves thiceptableefficiency.
In this section, we compare the performance of some space sharlngp

policies vs. Gang Scheduling to have a reference and to confirm 3 2 Gang Scheduling

the problems of Gang Scheduling detected in previous works. The Gang scheduling is a term that includes a group of scheduling pol-
processor allocation policies that we have selected to compare withjcjies with common features: threads are grouped into gangs,
gang are: batch, equipartition [14], equip++ [2], and PDPA [1]. threads in each gang execute simultaneously on different proces-
Equipartition, equip++ and PDPA are dynamic space-sharing poli- sors, and time sharing is used among gangs. In this section we

cies. The job scheduling policy used in all the cases is an unre- present the characteristics of Gang Scheduling that we have
stricted Backfilling [12]. We have relaxed the restriction that jobs 5qopted. In this case, malleability is not involved at all.

involved in backfilling do not delay previous jobs in the queue.

However, in thes_e expt_eriments, the_job scheduling _poIiCy only pifferent scheduling policies can fit in the previous definition. We
affects the execution of jobs when using the batch policy, becausep e implemented migratable preemptions [18], that is, threads in

itis a static space-sharing policy. a gang can be preempted in a set of processors and resumed in
. o another. Migratable Gang Scheduling has been shown to offer sig-
3.1 Space Sharing Policies nificant gains over policies that do not allow remapping (job

Batch and equipartition are space-sharing policies that take theirmigration).

decisions based on the user request. Equip++ and PDPA also con-

sider the application performance measured at run-time. A brief Gang Scheduling manages a two dimensional matrix where one

description of each of these policies follows: dimension represents processors and the other is time (this struc-
ture is known as the Ousterhout matrix [17]). Figure 1 is an exam-

Batch: The batch policy is a static space-sharing policy that ple of a matrix in a machine with eight processors, where each

allocates the number of processors requested to each application, itolumn is a time slot, composed by a list of one or several gangs.

available. Otherwise, the application waits until there are enough Time-sharing is performed between slots and the sum of proces-

free processors. sors allocated to gangs in a slot must be less or equal than the num-

Equipartition : Equipartition [14] is a dynamic space sharing ber of processors in the machine.

policy that, to the extent possible, maintains an equal allocation of . . L
In our implementation, the number of active time slots has been

processors to all jobs. It assigns cyclically processors to limited to five and the time-sharing quantum has been set to four
applications till the requested of each application is reached or till seconds 94

there are no more processors available to allocate.

Equip++: Equip++ [2] is an improvement of the equipartition The packing policy implemented is a first-fit algorithm [4] (com-
policy that considers the run-time measured efficiency achieved by bined with job migrations) implemented in the following way:
applications, and ensures that applications achieve a certain value

of processor efficiency. * Anew jobis placed in the first slot with a sufficient number of

Performance-Driven Processor Allocation (PDPA) The PDPA |dlg processors. . . .

[1] is a dynamic space sharing policy that allocates a number of ° A 0P completion does notimply a job re-packing.
processors to each application that achieves aamceptable
efficiency, calculated at run-time. The conceptaafceptableis i
fully described in [1]. It mainly consists of reaching a pre-defined N9 Steps:

At each time-sharing quantum the scheduler performs the follow-

PO [Jo]J1] J2] 34 5
P1  [Jo|J1] J2[ 34 5
P2 [Jo|J1] J2[ 34 5
P3  [Jo]J1] J2[ 34 J5
P4 [Jo|* [J3]3J4] 35 * idle processor
Ps [Jo[* [J3]J4] J5
P6 * * -.]3 * *
P7 * * J3 * *

- |
current_slot Time

Figure 1: Ousterhout matrix for a system with eight processors



Table 1: Application characteristics

Characteristics/ . . .
Application(input) Swim(ref) Bt(A) Hydro2d(train) Apsi(ref)
Exec.Time. in Sequential 212.2 sec. 1066.21 sec. 223.7 séc. 99 sec.

Speedup with 8/16/32/48 proc. 21.6/384280.0 6.1/12.420.8520.59 4.6/5.4.33.6 | 0.93/0.93/0.92

< Stops the currently running gangs (this implies to suspend all cessors are those that achieve the maximum speedup per applica-

threads). tion.
« Advance thecurrent_slotpointer and resume gangs in the
new slot (resume all threads). Using these four applications we have generated several workload

e If the total amount of processors used by gangs in the logs simulating different frequency of application arrival. These
current_slotdoes not fit the total number of processors in the workload logs follow the standard workload format (swf) defined
machine, the algorithm searches for gangs that could be in[22] and they can be found in [24]. The workload logs have been
moved to this hole (starting fromurrent_slot-1). If it finds a generated assuming that applications arrive following an exponen-
gang that fits in the current slot the algorithm resumes it. tial distribution.

Moreover, it tries to move gangs from low loaded slots to

heavy loaded slots to reduce the number of time slots and the The equation on the left of Figure 2 is the operational analysis

fragmentation. equality between demand and resource utilization in an open
We only allow to move gangs from low loaded slots to heavy queueing system. We have taken as the reference of application

loaded slots to avoid ping-pong effects that could be produced gemand its sequential time'TTo generate a workload with equal

without this limitation. i
demand for all the applications we uskP/4 (as there are four

. applications, each application uses 1/4 of the system processors).
3'3_ Eva_luatlon ~Uis the system utilization that such an arrival rate would generate.
In this section, we evaluate the performance of Gang Schedulingwith such arrival rates, we generated workload logs of arrivals dur-
compared to the described space-sharing policies. ing 300 seconds. Then, no more applications are submitted. We
. have generated workload logs with an utilization of 0.6(normal),
3.3.1 System, Parallel Applications and Workloads  ¢.g (high) and 1.0 (very high), that were then used to evaluate all
All the workloads presented in this paper have been executed in anthe policies.
Origin2000 with 64 processors with IRIX 6.5 [19]. Each processor
is a MIPS R10000 [25] at 250 MHZ, with two separated instruc- \ith fast arrival rates (U=1.0), the experiments will evaluate the
tion and data L1 cache (32 Kbytes), and a secondary unified system ability to drain the queue of jobs that will build up during
instruction/data cache (4 Mbytes). The memory migrations of bursty job arrival phases.
IRIX has been activated to reduce the impact of migrating a job.
Note that these workloads are computational intensive, but they do

The execution environment is fully described in [1], and it is not evaluate the behavior of the policies under other scenarios such
mainly composed by the OpenMP parallel applications, a user as I/O intensive or with interactive applications.
level scheduler, the CPU Manager, and a queueing system that
controls the arrival of applications. 3.3.2 Slowdown

) . Figure 3 shows the average slowdown achieved by the scheduling
To evaluate our proposal we have selected four different applica- jicies evaluated. The x axis is the load of the system (60%, 80%
tions: swim, hydro2d, apsi, and BT (class=A). The swim, hydro2d g4 10096) and the y axis is the average slowdown. The slowdown
and apsi are applications from the SPECfp95 benchmarks, and they 4 application is calculated as the relationship between the
BT is from the NAS Parallel Benchmarks. Each one of them has 5y jication response time in the experiment and the execution time
different behavior considering the speedup. Table 1 presents thej, 5 dedicated machine with the number of processors in which
characteristics of these applications, from higher to lower speedup. ;chieves the maximum speedup. As we can observe, all the
Swim achieves a super-linear speedup, BT has a moderate-highyy namic space-sharing policies clearly outperform Gang Schedul-
speedup, hydro2d has low speedup and apsi has very bad speeduhg The batch policy is one example of those static space-sharing
In all the applications, except in apsi, the maximum speedup is ygjicies that are very affected by job scheduling decisions. Gang

achieved with 32 processors. Scheduling has not achieved a good performance because of the
We have defined a mix of applications composed by the four appli- A x Tli =PixU — = ) = M
cations with the following requests: swim (32 proc.), BT (32 4><T1I

proc.), hydro (32 proc.) and apsi (2 proc.). These numbers of pro- Figure 2: Arrival rate calculation for application i
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Figure 3: Space-sharing policies vs. Gang Scheduling

fragmentation and the number of time slots. To give an insight, we times. This is because the excessive number of time slots. Each
have measured that Gang Scheduling has an utilization around @ime we add a new time slot, running jobs receive less proportion
88% compared with an utilization about the 96% of the equiparti- of cpu time. Moreover, this cpu time is not totally useful because a
tion (in the experiment with U=100%). proportion is used to resume the applications and restore their sta-
tus (caches, TLB, etc.). In addition, this slowdown means that
Another important observation is that it results in better perfor- applications stay in the system (processors, memory, etc.) much
mance to queue applications that can not run, rather than to startmore time that in a space-sharing approach. This is a very impor-
them and perform time sharing. We have observed that having atant problem because we have executed the same set of experi-
large number of time slots is very harmful for the execution time of ments with the maximum number of time slots set to eight and we
running applications. have found that the system crashes due to the unavailability of

resources (processés)f the number of time slots is small, this
We have separated in Table 2 the average queued time and thgyroblem is not so critical, but if the load of the system is very high,
average running time in the equipartition, the equip++, the PDPA thjs pecomes the more important drawback of Gang Scheduling.
and Gang Scheduling policies (in the experiment with load Qpserve that Gang Scheduling also have queued time. This is
=100%). The queued time is the time that applications are waiting pecause in these experiments Gang Scheduling reaches the maxi-

in the system, controlled by the queueing system rather than by themym number of time slots (set to five) and applications must be
short term scheduler. The full response time is the sum of the gqyeyed.

gueued and running times. In space-sharing policies, jobs are

queued if there are not available processors to execute. With Gang

Scheduling, applications are queued if the maximum number of

time slots has been reached. Observe that, despite the fact that jobs

under Gang Scheduling run with the number of processors that 1. Results of these experiments with eight time slots are not
achieves the maximum speedup, it results in the worst running included here due to the lack of space

Table 2: Average queued and running times, in seconds (U=100%)

Policy/ Swim BT Hydro2d Apsi
Application queued | running | queued | running | queued| running| queued| running
EQUIPARTITION 0 31 0 268 0 97 0 107
EQUIP++ 0 19 0 215 0 73 0 102
PDPA 48 9 59 175 42 61 42 100
GANG 76 22 190 239 96 155 133 227




while(1){
time+=space_sharing_quantum;
if ((time%time_sharing_quantum)==0){
Change_slot ();
Restore_state  ();

}

Distribute_processors 0;
sleep(space_sharing_guantum);

}
Figure 4: PDGS Algorithm

On the other hand, the equipartition adjusts the number of proces-
sors allocated to applications to adapt it to the load of the system.
Then, the execution time is greater than in the PDPA and the
equip++ cases because jobs are given a small number of processo
but they execute more efficiently and there is no queued time.

The equip++ has a behavior similar to the equipartition but it is
able to allocate processors to applications in a more efficient way
(based on run-time measurements), resulting in the scheduling pol-
icy that achieves the best results.

Finally, in the case of the PDPA, it allocates more processors to

Gang Scheduling. The PDGS provides control on the number of
processors allocated to each job and ensures that processors are
used efficiently. The control of the processor efficiency achieved
provides an indirect benefit because it results in a reduction in the
number of processors allocated to jobs, generating a reduction in
the number of time slots.

The PDGS uses two different quanta: the time-sharing quantum
and the space-sharing quantum. The goal of having two different
gquanta is to decide the processor allocation at a more fine grain
than the time-sharing quantum. The scheduler wakes up at each
space-sharing quantum to distribute processors among applications
active in the current slot (that does not imply necessarily a proces-
sor re-allocation). The time-sharing quantum is a multiple of the
space-sharing quantum, and implies the activation of applications
in the next slot. Figure 4 shows the main loop of the scheduler. At

'8ach time-sharing quantum the scheduler changes the slot and

selects a new set of applications that will run during the next time-
sharing quantum.

4.2 Malleable Gang Scheduling

Even adjusting the number of processors that each application
uses, Gang Scheduling has the drawback of fragmentation. In our
execution environment, fragmentation does not have sense because

jobs than the equipartition and the equip++, then the running time 10bs can adapt their parallelism to the resources available. In this

is smaller than the achieved in those policies, but the queued time
is greater than the queued time of the equipartition and equip++. In
these particular workloads, PDPA does not outperform equiparti-
tion and equip++ because all the applications except Hydro2d

section, we will evaluate the effect of exploiting the malleability of
OpenMP applications through a re-packing algorithm, Com-
pressé&Join.

request a number of processors that initially achieve an acceptable4.2.1 The Compress&Join Algorithm

efficiency. In [1], we show that if jobs request processors without
knowledge of their performance, PDPA offers great benefits.

4. IMPROVING GANG SCHEDULING

The execution of applications in a non-malleable way introduces a
lot of fragmentation. Moreover, the time sharing among slots can
increase in excess the consumption of resources due to the incre
ment in the number of time slots. The ideas that we will use in the

next sections to improve Gang Scheduling are not new. The main
contribution is their use along with Gang Scheduling.

4.1 Performance-Driven Gang Scheduling

The Compress&Join algorithm re-generates the matrix used in
Gang Scheduling. The goal of this algorithm is to minimize the
overhead introduced by the context switch between slots by reduc-
ing the number of time slots. We assume that the speedup provided
by reducing the number of slots is greater than the slowdown pro-
duced by the reduction in the number of processors allocated to
each application.

For instance, consider a simple case when we have one time slot
that runs a parallel application with 64 processors. In that case this
application does not suffer slowdown because with one time slot

there are not context switches. If a new application arrives request-
ing 64 processors, a hormal packing algorithm opens a new time

We have observed that users normally ask for the number of pro-sjot and performs time sharing between the two applications. In
cessors that achieves the best speedup in their applications, or evethat case each one receives the 50% of the cpu time and suffers and
they request for the maximum number of processors in the sjowdown of 2 (in average). The Compress&Join algorithm will
machine without knowledge about their job performance. A lot of adjust the processor allocation of each application to 32 proces-
jobs achieve their maximum speedup at the expense of processokors, reducing the number of time slots from two to one. After
efﬁCiency, and with much less processors the application would app|y|ng the Compress&Join a|gorithm’ each app”cation will
achieve quite the same performance. We believe that the number ofeceive half the number of processors than with a normal algo-
processors used by an application should be determined by therithm, but it will not suffer any context switches. We assume that
scheduling policy. It should be based on the user request but alsothe benefit generated by reducing the number of time slots is
considering run-time measurements to ensure the processor utili-greater than the penalty by reducing the processor allocation.
zation. And that is orthogonal to the fact of performing time-shar-
ing. Based on this consideration, t@®mpress&Joiralgorithm works

as shown in Figure 5.
For this reason, we present the Performance-Driven Gang Schedul-

ing, PDGS. The PDGS applies the philosophy used in [1][2] to



void Compress_and_Join 0

{ active_slots=1; PO JO| J2] J4
ap=0: ' PL [J0| J2[ 34
while(app<MAX_APP){ P2 JO J21 J4
slot:O; P3 JO J2 J4
while((slot<MAX_SLOT)&& P4 JOo| J3| J5
(slot<active_slots)&& P5 J1| J3| J5
(compressed==0)){ P6 Ji1]| J3| J5
compressed= Compress_Slot (app,slot); P7 J11 J3| J5
slot++;
i}f (slot==active_slots){ Figure 6: Matrix generated by the Compress&Join
compressed= Compress_Slot (app,slot); algorithm
Check_Error(compressed);
}
app++;
} This algorithm uses the job efficiency. If the job efficiency is not
} available, this algorithm assumes that all the jobs have initially an

efficiency of 0.8. Moreover, in that case, we extrapolate the com-

nt Compress_Slot app,slot 7. . . .
. press. (app.slot) plete efficiency curve using the function proposed by Dowdy in

Cif( fits  (req(app),slot){ (3]
add (app,slot);
actualize_active_slots 0; 4.2.2 Evaluation

return 1; Figure 7 shows the average slowdown achieved by Gang+Com-

}else{
calculate_efficiencies (slot);
cpus_needed=max_cpus-
(cpus_used(slot) + req(app));
if ( reduce_cpus (cpus_needed,slot)==1){

press&Join, PDGS, PDGS+Compress&Join, and equip++. The
equip++ has been added as a space-sharing reference because it
achieved the best performance. The execution environment and
workloads are the same that in the previous section. We can

add (app,slot); observe that the Compress&Join algorithm provides an additional
return 1; benefit to that obtained when considering the job performance
Jelse{ analysis through the PDGS. This algorithm is an optimization and
return O; can be applied independently of the scheduling algorithm used.
}
} To give an insight about what really happens we have separated in

Table 3 the queued time and the running time of Gang Scheduling,
Gang+Compress&Join, PDGS, and PDGS+Compress&Join. The
more significant improvement is that the queued time has been sig-
nificantly reduced. This is because with the same number of time
slots we are able to run many more applications and they do not
have to be queued. As you can see, the queued time has been
reduced but not at the expense of the running time. Taking into
account that these numbers are averaged, we can say that the exe-
cution withCompress&Joiroutperforms the execution without it.

Figure 5: Compress&Join algorithm

The algorithm first tries to add the application in a open slot. If the
application does not fit in an open slot, the algorithm adds a new
slot Thefits() function checks if there are enough free processors
in the slot to add the new application. In that case the application is
added without modifying its allocation. Otherwise, the algorithm
tries to fit the application bgompressindpoth the current applica-
tion and any other applications added previously to the slot. The
reduce_cpus(¥unction temporarily modifies the allocation and
calculates the resulting efficiencies to check if it is possible to fit
the new application in this slot. If the penalty introduced in the set
of applications does not exceed the 50% the application is added
and the modifications computed by tiegluce_cpus(unction are
fixed in the slot. Otherwise, the slot is not modified and the algo-
rithm tries to add the job to another slot.

However, despite all our optimizations we can see that Gang
Scheduling does not reach the performance of equip++. This is
because equip++ also exploits the two points that we defend in this
work: the job performance analysis and the job malleability and it

does not suffer the slowdown introduced by the time-sharing

among applications, improving the resource utilization.

The workload logs evaluated in this work do not introduce a signif-
icant fragmentation. Nevertheless, we have performed other exper-
iments, not included in this paper due to the lack of space, that
check the behavior of Gang Scheduling with workloads that gener-
ate a significant fragmentation. We have found that the use of job
malleability provides to Gang Scheduling the additional benefit of
the insensitivity to this kind of pathological workloads.

Figure 6 shows the resulting matrix after applying t8em-
press&Joinalgorithm to the matrix presented in Figure 1. We can
see how, after applying thEompress&Joiralgorithm, jobs have
been proportionally reduced.
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Figure 7: Gang Scheduling compared to PDGS in combination with th€ompress&Joinalgorithm

However, our techniques to improve Gang Scheduling do not reach
the same performance that some of the dynamic space-sharing pol-
5. CONCLUSIONS icies evaluated in this work due to the loss of performance that

Job performance analysis and job malleability have been shown ascontext switches among slots introduce.

valid and useful tools to improve the system performance. In this

work, we have applied these ideas to the particular case of improv-
ing Gang Scheduling. We have presented the Performance-Driven
Gang Scheduling policy and the Compress&Join algorithm.

As future work, it should be interesting to compare Gang Schedul-
ing vs. dynamic space-sharing policies with workloads with differ-
ent characteristics or in different multiprocessor architectures such
as clusters.

The PDGS policy considers run-time measured performance of

jobs to improve the job processor allocation. It is important to 6. ACKNOWLEDGEMENTS
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ber of time slots. These two approaches to improve Gang Schedul-

ing have shown clear benefits compared to the original Gang

Scheduling. The combination of PDGS and Compress&Join algo-

rithm has shown the best improvement.

Table 3: Average queued and running times, in seconds (U=100%)

Swim BT Hydro2d Apsi

Policy/Application
queued | running | queued | running | queued| running| queued| running

GANG 76 22 190 239 96 155 133 227
GANG+COMPRESS&JOIN 12 25 24 344 7 137 14 290
PDGS 38 28 68 250 20 153 46 190

PDGS+COMPRESS&JOIN 8 26 8 345 3 241 9 203
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