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Coordinating Parallel Processes on Networks of Workstations?
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Regarding the issue of job interactions, there are two basic
The network of workstations (NOW) we consider for schedul- approaches: avoid interactions by migrating one type of job
ing is heterogeneous and nondedicated, where computing powerto a dedicated environment, or go along with interactions
varies among the workstations and local and parallel jobs may Kyt try to effectively schedule jobs. The studies in [5 and
interact with each other in execution. An effective NOW schedul- 12] indicate that more than 50% of workstations are idle
ing sche_me_needs ;ufflClent information about system hete_rogene-at any time. However, in practice, it may be difficult to
ity and job interactions. We use the measured power weight of . . . ; . .
) ; ) . immediately find a set of suitable workstations to migrate the
each workstation to quantify the differences of computing capa- h h f hil d d
bility in the system. Without a processing power usage agreement targe'F processes to where t ey can stay for awhile an need not
between parallel jobs and local user jobs in a workstation, job D€ migrated to other Workstatlo'ns frequently. A main reason
interactions are unpredictable, and performance of either type for this is because local users’ behaviors are unpredictable.
of jobs may not be guaranteed. Using the quantified and de- Context switching and migration overheads are other factors
terministic system information, we design a scheduling scheme that may offset the performance gain from process migration.
called self-coordinated local schedulingn a heterogeneous NOW. |n addition, the NOW utilization could be low without an
Based on a power usage agreement between local and parallelinteraction of multiple jobs. We focus our research on the
jobs, this scheme coordinates parallel processes independently ingpproach to keeping both local and parallel jobs together and
each workstation based on the coscheduling principle. We discuss effectively scheduling them.

its implementation on Unix System V Release 4 (SVR4). Our sim- heduli . . .
: . ing is another availabl hni for parallel
ulation results on a heterogeneous NOW show the effectiveness of Coscheduling is another available technique for paralle

the self-coordinated local scheduling scheme.eo 1997 Academic Press process scheduling. It _gen_erally results in good parallel pro-
gram performance and is widely used to schedule parallel pro-

cesses involving frequent communication and synchronization
[4, 8, 10]. This method is particularly effective for parallel
1. INTRODUCTION applications partitioned into multiple processes of equal size,
) . running on a homogeneous multiprocessor/multicomputer sys-
Networks of workstatlons (NOWs) have bec_om_e_ IMPOkam, Coscheduling will ensure that no process will wait for a
tant and cost-effective parallel platforms for scientific cOMyongcheduled process for synchronization/communication and
putations. In practice, a NOW system is heterogeneous gjff minimize the waiting time at the synchronization points.
nondedicated. These two unique factors make scheduling pelyever, the nondedicated feature of workstations and the low
cies on multiprocessor/multicomputer systems not suitable {95\ munication bandwidth make the implementation of com-
NOWs. Since the nature of parallel processing on NOWSs dogge coscheduling on NOWSs expensive and not realistic [7].
not change, the coscheduling [13] principle is still an impor- ging quantified and deterministic system information such
tant basis for parallel process scheduling on NOWs. Thus, hgt: 5 power weight, and the power preservation in each
erogeneity, job interactions, and coscheduling are three Mg station, we address the three NOW scheduling issues
concerns in our design. , by designing a scheduling scheme callself-coordinated
Many research groups currently are using homogeneqyg,| scheduling This scheme coordinates parallel processes

NOWSs as experimental platforms. In practice, more and magyenendently in each workstation based on the coscheduling
heterogeneous NOW systems are being used for paraE

\ fhciple.
computing. The most common heterogeneous NOW would begr scheduling design has the following features. First,

a network of the same type of workstations but with differentialy oy |ocal scheduler adjusts its execution pace of a parallel
computational capabilities. process. The coordination of parallel processes is performed

s . . . , . independently at each workstation and is able to obtain
This work is supported in part by the National Science Foundation under

Grants CCR-9102854 and CCR-9400719, by the Air Force Office of Scientifl?SCNeduling performance results without a global scheduler.
Research under Grant AFOSR-95-1-0215, and by the Office of Naval Resear@c0ONd, applymg power preservat!on at each Works_tat|on
under Grant ONR-95-1-1239. would be fair to both local user jobs and parallel jobs.
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126 DU AND ZHANG

The job response times of both types would be acceptalole a fixed number of workstations throughout execution. The
and predictable. Third, the NOW utilization is increased hgize of each process is generally similar. The process completes
executing both local user and parallel jobs together withoafter a number of iterations. In each iteration, phases of
process migrations. Finally, it is easy to use facilities dbcal computation alternates with phases of communications
standard Unix operating systems such as SVR4 to implemamid synchronizations. This programming model is called Bulk
this scheduling scheme. Synchronous Parallel model (BSP). The basic structure of the

model is as follows:
2. MODELS OF NOW AND PARALLEL PROGRAMS

. . . . Loop
In comparison with multiprocessor/multicomputer systems,
a '\tl.OW lhatsh.two utr_nque featurest.: htehterogeneny and nogf?.?d'simultaneous tasks for local computation;
|cfa 1on. knt tl's seccljoc?., we quantify efr:)cessmgd clapa MY communications for data exchange or
of a workstation and discuss a representative parallel program- synchronization for critical sections;

ming model.

barrier;
2.1. Workstation Power Weight
end Loop
A NOW can be abstracted as a connected gidltM, Nef),
where
. . . We study the scheduling of this type of applications, and
e M={Mq, My, ..., My} is a set of workstationgt{ is

. assume that no process migration occurs during the execution
the number of workstations). of applications.

* Netis a standard interconnection network, such as an

Ethernet or an ATM network. 3. SELF-COORDINATED LOCAL SCHEDULING

If a NOW consists of a set of identical workstations, th
system is homogeneous. Otherwise, a heterogeneous N
is formed. Different workstations may have different architec- In order to design an effective scheduling scheme for both
tures (architectural heterogeneity) and/or different computipgrallel and local jobs on NOWSs, two issues must be well
capability. Here we only consider the computing capabilityddressed: how to coordinate the simultaneous execution of
differences among workstations. processes of a parallel job, and how to manage the interaction

We use the power weight to refer to a workstation’setween parallel jobs and local user jobs. We address these two
computing capability relative to the fastest workstation in @sues together by explicitly dividing the computing power of
NOW. The value of the power weight is less than or equal workstation into two parts: one preserved for running local
to 1. Since the power weight is a relative ratio, it can algobs, and the other preserved for parallel ones. This voluntary
be represented by measured execution timel (App, M) power division is reasonable based on two facts:
gives the execution time for completing application program,

App, on a dedicated workstatiol;, the power weight of
workstationi can be calculated as

\k Rationale of Power Preservation

A networked workstation is no longer a private resource
of its local user. Rather, it is often shared by other users and
jobs.

min™ (T (App. Mi)} . The_ user of a para_llel_ job may be the local user of a
Wi (App = T(App M) (2.1) workstation and needs distributed resources.
ly 1

Equation (2.1) indicates that the power weight of a Worlié égjddmon’ the explicit power preservation has two advan-

station is application program dependent. However, our expers
iments [15] show that this is mainly related to the problem « The performance of both local and parallel jobs is
size. If the memory size is large enough to hold a process aghranteed. When they coexist, a certain amount of power
its data, the differences among measured power weights usigigiuaranteed to each of them. Meanwhile, parallel jobs and
different application programs on a workstation are insignifiecal jobs can use each other’s free cycles if they are available.
cant. The power weight of a workstation is determined in thiss On a heterogeneous NOW, proper power preservation
paper by averaging a group of power weights from differelased on power weight in each workstation may ensure that
application programs which have reasonable memory allogsarallel processes across workstations proceed at a certain pace

tions. without global coordination. If they are started simultaneously,
coscheduling can be achieved as if they ran on a virtual
2.2. Bulk Synchronous Parallel Model “homogeneous” NOW.

A typical message-passing NOW parallel program is coarse
or medium grained and consists of one process per workstatioWe call this schemself-coordinated local scheduling
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3.2. Power Preservation for Parallel Jobs for the local scheduler, the size of computations, denoted by

A key issue of the scheme is to preserve a proper portion %llze. Wh'clr:] IS mgasured by tr;e numll(aer (.)f floating po&né opr;
the power in each workstation for parallel jobs. In particulaﬁrat'ons' or-a given power ot a wor station measure . y the
each workstation’s power is used to serve three types Q)lf_mber of floatln_g point operat|_ons per second, the _tl_me to
jobs: the operating system kernel processes, local jobs, 4iRish a computation on the relatively slowest workstatian

parallel jobs. Since the power used for kernel processes is Size
small compared with that used for the other two types, for ts = )
simplicity of discussion, we only consider the power used for POWS) x (1 — Ruse(s))
local and parallel workloads and include the kernel in the locasherePow(s) is the power of the slowest workstation; and the
workload. time to finish a computation on workstations

We assume that initially each local user of a workstation

(3.4)

specifies a ratio at which the power is divided between local t = : Size . (3.5)
and parallel workloads. Assun@se(i) is the percentage of Pow(i) x (1 — Rusefi))
power used for local user jobs in thth workstation, andV  here Pow(i) is the power of workstation (i = 1, ..., m,

is the power Welght of theth Workstation; thUS, the availableandi 7& S). If a time slice based scheme is used in the lo-

power weight for parallel jobs in thith workstation, denoted ca| scheduler of each workstation, the number of time slices
by pi, is needed to finish the computation on the slowest workstation is

pi = Wi (1 — Ryseli)). (3.2) t
Nslice(S) = 5—5, (3.6)
. . S
In practice, because the task size of a parallel process

on each workstation is normally similar, the bottleneck dFhereds is the length of a time slice in the slowest worksta-
a parallel job execution is the relatively slowest workstatio®n: @and the number of time slices used to finish a computa-
which offers the smallest power weight in the NOW. Thus, tHén Of the same size on workstatioris

preserved power weight for parallel jobs in each workstation t

is determined by the minimum available power weight for Nslice(i) = 3 (3.7)

parallel jobs among all the workstations :
where §; is the length of a time slice in workstatidn and

(3.3 i =1, ..., m. Since the slowest workstation is the bottleneck
of parallel jobs, if all the computations in other workstations
where m is the number of workstations in the system. Thénish within the timets in each loop, the performance would
self-coordinated local scheduling scheme on a heterogenebasoptimal and equivalent to that in a dedicated NOW using
NOW can be outlined as follows: coscheduling. However, withits, there arets/§; time slices
available in workstation, which is larger tharNgjice(i). This
means that all workstations except the slowest one have extra
Ott@e slices, which may be used by local processes. Because
workstations is the bottleneck, it finishes the parallel process
at last byts. It is not necessary for the process on work-
stationi to be finished beforés. We may evenly distribute
theseNgjice(i) time slices for the computation of its parallel

Using this scheme, the same amount of processing povpépcess. ovets/si. Therefore, if one tir_ne slice is guaranteed
would be used by each workstation for executing its parallfl P& given to the parallel process in workstatiomwithin

process. The equivalent preserved power in each workstatjef{di Nsice(i)) = ts/ti time slices periodically, it is ensured

for a parallel job simulates the execution of that job in H’]at by the end ofs, the computation of its parallel process will

dedicated virtual homogeneous system. On the other haffgish- Consequently, the computation of each parallel process
because the processing powei iin workstation used for local 2r0ss the NOW is finished neither too fast nor too slow, just
workloads isW — p, which is equal to or greater than whaf’&forets. Coordination is achieved. , .
the local user expects\{ x Ruse(i)), the performance of local By (3.4) anc_i (3.5), we further obtain the execution pace in
jobs is guaranteed. each workstation for parallel processes:

We show how a coordination is achieved as follows. Recall ; .
the BSP model discussed in Section 2: if the local scheduler s = Pow(l) x (1 = Rused1) - o (3.8)
can ensure that all computations finish within a reasonable b POWS) x (1— Ruseds))
time, all possible communication and synchronization activi-he execution pace in (3.8) can be self-determined, and is
ties following the computation will be coordinated. Here wavorkstation computing power dependent rather than applica-
temporarily use an application program dependent parameien program dependent.

P = minim:1 Li,

1. Determinep, the available power weight for parallel
jobs in a NOW.

2. Start the execution of parallel processes on workstati
simultaneously.

3. The local scheduler in workstationallocatesp/W; of
its power to its parallel process.
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TABLE | TABLE 11l
Process Priority Distributions Priority Rank Redistribution
Class Ranks Management Class Ranks Management
RT 100—159 fixed RT 100 +N—159 +N fixed
SYS 60—99 fixed SYS 60 +N—99 +N fixed
TS 0—59 dynamic PJ1 60—59 N dynamic
TS 0—59 dynamic
4. POWER PRESERVATION ON SVR4 PJO —N— -1 dynamic

Unix System V Release 4 (SVR4) [9] is a powerful an@omputing power among traditional TS processes and paral-
open operating system. We select SVR4 as the target operatiigobs.
system to discuss how to preserve power and implement thepe first extend the process classification of SVR4 by adding
scheme in a commodity operating system. a new class called parallel job (PJ). All processes of parallel

The scheduling policy of SVR4 is time-sharing and priorityjops are of this class. The priority ranks as numbers are
based. The processes are classified into four classes: sysi&fBnded tatN, whereN is a given positive integer number
(SYS), real-time (RT), time-sharing (TS), and interactive (IA).N > 1). The priority ranks of PJ have two separate sets of
Under each class, a scheduling policy is defined. Because c§1tiguous numbers. The lower set, defined as PJO, ranges
and IA share the same policy, there are actually three policigg{, _N to _1, and the higher set, defined as PJ1, ranges
classes in SVR4. Associated with each class is a contigugisy, 60 to 59+ N. The new priority distribution is shown in
set of priority ranks of integer numbers, which is shown "Rable 111. As listed in Table 1ll, PJ has two types of processes:

Ta_?:? . o ks of SYS and RT f those within PJ1 and those within PJO. The priority ranks of
duri € ﬁﬂo_rltyl_fratn S0 hil "f:ﬂ fpr9r(:Sesses a:]e X881 processes are higher than that of any TS and PJO processes,
uring their fiteimes, - while those o > are ¢ ange%h”e the priority ranks of PJO processes are lower than that

dynamically for the sake of fairness and efficiency. Anoth%rf any TS and PJ1 processes
table in SVR4, called théime-sharing dispatcher parameter - ' i
table (ts_dptbl) describes TS priority changes. Table | The priority ranks of PJ processes could be changed dynam

gives an example of it. There are five columns in ts_dptb'ﬁally based on a revised ts_dptbl table, calledttime-sharing

X . and parallel job dispatcher parameter tab{espj_dptbl). This
quantum, tgexp, slpret, maxwait , and lwait . able is a direct extension to the original SVR4'’s ts_dptbl
Columnrank is the comment column and lists the priorit 9 _AptbY,

ranks. Each line describes how the priority of a process at tP{Y?ere new lines are added to rgpresent new priority ranks in-
rank changes with time and even@uantum specifies the troduced by class PJ. Another difference between ts_dptbl and

length of the time slice allocated to processes at this rank.tEPJ—dptt_’l is the tlmed ulnlt for colummaxwait . In"SVRz_l,
it is used uptgexp usually gives a lower priority rank and e unit is one second. In contrast, we use a smaller unit (ms)
a larger time quantum to this proceSipret s the priority as the unit of waiting time. Table IV gives an example of

rank of a process after it returns from sleeping. Usually, §PI_dptbl withN = 1. ,
process returned from “sleeping” is assigned a higher priorityThe changes of priority ranks for PJ processes deployed in

rank than its original rank. If a process has waited for tHePi_dptbl follow the two rules:
CPU awhile (longer thamaxwait ), & higher priority rank, . yhe priority rank of a process, defined as a quantitative

given inlwait , is assigned to this process to prevent it froM, e nri | is within class PJO, and the process has waited CPU
starvation. e Ly U o
for awhile (maxwait ), its priority rank is increased to class
Processes of RT and SYS types should be executed m " by segting the p)riorityptcp)ri i 61:
urgently than TS processes and parallel jobs, and they are’ '
usually given higher fixed priorities. To preserve power in each

workstation using SVR4, we focus on how to allocate TABLE IV
New Dispatcher Parameter Table

TABLE I Quantum  tgexp slpret maxwait  Iwait rank
Dispatcher Parameter Table 500 _1 1 150 60 —1 (PJO)
Quantum tgexp slpret maxwait Iwait rank 200 0 50 1000 50 0
200 0 50 0 50 0
20 49 59 1000 59 59

20 49 59 32000 59 59 50 -1 60 200 60 60 (PJ1)
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» If the priority, pri, of a process is within class PJ1 and We selected four programs from the NAS parallel bench-
has finished its time quantungqantum ), its priority rank is marks [3]: EP (Embarrassing Parallel), MG (Multigrid), IS
decreased to class PJO, by setting the prioritpito— 61. (Integer Sort), and LU (LU Decomposition) as the example

applications. All of them followed the BSP model. However,

If workstationi preserves)/W power weight for a parallel the four applications were different in the computation size
process, wherg is the preserved power in the system, akid at each iteration and the communication patterns. The parallel

is the power weight of workstation this preservation can bejob events were characterized by their computation patterns,

done by setting up the following parameters in table tspj_dptiii¢ Sizes of each computation, communication patterns and
We denote the minimum time quantum for processes of Aaount, the number of iterations, process arrival times, and
priority ranks asMin_g. The power preservation for thatthe number of processes. Our simulator was _dnyen by the
process can be achieved by assigning the process’s prioﬁfﬂ?nts characterized from the four parallel applications.

rank initially to —1, and assigning rank 60's (PJayiantum : In the experiments, tvyo kinds of local workloads were
taken into account. The first type only consumed CPU cycles

for computations. This type of local job event was simply
characterized by starting times and execution lengths. The
second was a more realistic type where computations and
system calls were interleaved. The priority of a process may be
] ] changed when it invokes system calls; thus, system calls affect

maxwait= (W /p — 1) x Min_q. (4.10)  the performance of the whole system. For this type of local

job event, the distribution of the system calls in the execution
By loading the tspj_dptbl table (replacing the originalimes of the process was an additional parameter that was
ts_dptbl) at boot time, we may implement the scheme easlgnsidered. We assumed the system calls were exponentially

guantum= Min_q; 4.9

and assigning rankl’s (PJO)maxwait :

in SVR4. distributed in the lifetime of each local process.
The scheduling policies in the simulator included the SVR4
S. SIMULATION AND PERFORMANCE EVALUATION local scheduling, coscheduling using the matrix scheme in

[13], and the self-coordinated local scheduling scheme based
on SVR4 which is discussed in Section 4.
To evaluate and analyze the performance of parallel and
local jobs under the self-coordinated scheduling scheme, @&. Precision of Power Preservation
designed and developed a simulator to perform event—dnver‘USing the simulator, we first studied the effects of the

simulation, where NOW parameters, local job events, paral@ljamum in PJ1 andmaxwait in PJO on the precision of
job events, and scheduling policies are input, and simulatsg\,\,er preservation of a workstation.

execution times and overhead times, such as context switChye first give the definition of the precision of power

5.1. Simulator

are output. _ __ preservation. LeT be the execution time of a parallel process
We selected 7 types of Sun SPARCstations with differegh 5 dedicated workstation. i portion of the power of
computing powers. The 7 types cover a large range gf\yorkstation is preserved for the process, and the process

processing capabilities of Sun workstations with a singgyishes inT’ time, then the power preservation precision is
processor. We measured the power weight of each tyggfined by

by running 4 NAS benchmark applications which will be

discussed later. All the measurements were repeated 10 times ST’
in a dedicated environment. The power weight for one <1_ ‘1__
workstation was finally calculated by averaging all the power

weights measured by the four applications. Table V gives theln these experiments, three local procesdes, Lo, L3,
average power weights of the 7 types of workstations, whieimd one parallel procesB were executed in a workstation.
were used in the simulator to simulate the heterogeneity \0fe preserved 1/3 power for procefs The size of P was
workstations. We give each type a letter such as A or B feet to 2000, 1000, and 200 ms, while the sizes of three
simple reference. A network was used to connect workstatiof@cal processes were set long enough to be finished &fter
The context switch cost was assumed as 260 terminated.

) x 100%

TABLE V
The Average Power Weights of 7 Types of Sun Workstations

S20-HS21 S20-HS11 S5-85 S20-50 S5-70 S10-30 Classics
A=10 B =0.790 C =0.562 D =0.461 E =0.436 F=0.374 G =0.239
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The values in the default SVR4 ts_dptbl were used fd® changed. (The quantum ofiaxwait in PJO is dependent
local processes in table tspj_dptbl. The initial priority obnquantum in PJ1). Figure 1 reports from top to bottom the
P was assigned to PJO. The ratio wfaxwait in PJO to precision variance as ttguantum of PJ1 changed when the
gquantum in PJ1 was 2 based on the power preservati@momputation size oP is 2000, 1000, and 200 ms, respectively.
rules (4.9) and (4.10). We observed the precision of the powar each curve, generally, the precision decreases with the
preservation changed not only as the time quantunPfdthe increase ofjuantum . In the top curve, whequantum varies
guantum in PJ1) changed but also as the computation size fobm 5 to 400 ms, the power preservation precision remains

approximately at 95%, which is quite precise. However, in
the middle curve, whemuantum approaches 300 ms, the

140 precision decreases to nearly 88%. The worst case occurs in
130 the bottom curve where the computation sizeRobecomes
Task size = 2000 ms 200 ms. In this case, only those valuescofantum which
~ 120 |-~ T o are less than 60 ms can provide the precision within 90%.
S 110 The precision reduces to 60% whgunantum equals 400 ms.
s 100 S — A This can be explained as follows. For a given computation,
© 90 | the size ofquantum determines the number of slices the
8 computation is divided into. The more slices a computation is
a 80 |- divided into, or the larger the ratio between the computation
70 time toquantum , the more precise the power preservation.
60
50 5.3. Power Preservation Effects on Local Processes
5 10 20 30 40 60 70 80 90 100 150 200 300 400
Quantum (ms) _ _
Preserving power for one process will affect the perfor-
mance of other processes. The more it is preserved, the greater
140 is the effect on other processes. We quantitatively evaluate this
130 _ effect in this section.
120 Task size = 1000 ms We executed four processds;, Lp, Lz, and P, with
o the same computation size (4000 ms) in a workstation. We
= 110 i
p preserved power for the proceBsonly and evaluated its effect
o 100 , on the performance of three other processes. Walsattum
g 90 , of PJ1 to 40 ms in order to preserve power varying from 1/
© 80 3, 1/2, 2/3, and 3/4 foiP, respectively. Figure 2 shows the
o 70 slowdown factors of the four processes, which are relative to
the execution time of these processes scheduled by the SVR4
60 scheduler.
50 5 10 20 30 40 60 70 80 90 100 150 200 300 400
Quantum (ms)
2.0
s L1
140 1 -8 l e £ L2
130 Task size = 200 1.6 -
ask size = ms pu—
120 c 14| P
&\o, 110 % 12 +— Sl el |
S 100 2101
@ 90 S 08 -
O wn TR
£ 80 06| T e
70 04 |
60 0.2
50 0.0
5 10 20 30 40 60 70 8C 90 100 150 200 300 400 1/3 1/2 213 3/4

Quantum (ms)
Preserved power
FIG. 1. The power preservation precision changes at different time quan-
tums. FIG. 2. The power preservation effects on local processes.
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When 1/3 power was preserved fét, L, increased its the paper. We used 8 workstations of type A, B, C, D, E, F
execution time by 10%,L, and L3z had only about 2% and G to form two different NOW systems
increase I(; had twice more system calls thdrpy and L3).
The execution time oP decreased by 18%. When more power NOW1: A+B+2C+2D+2E,
was preserved, the execution timed af Lo, andL 3 increased NOW?2: A+B+C+2D+E+F+G.
slightly, but P decreased quickly. For example, the 3/4 power
preservation makes the execution timeRoflecrease by 51%,

and that ofLj, Lo, and L3 increase by 20, 16, and 19%, e preservedp = 0.2 power weight for both NOW1 and
respectively. _ _ NOW?2 to run parallel jobs. Since the fastest workstations in
These experiments show that the power preservation slighthyih systems were identical (both are A), the preserved powers
affects the performance of the other processes, but significaRil¥re also identical (this will be verified by the following
improves the performance of the process for which the POWgkperiments on NOW1 and NOW2). Workstations A, B, C,
is preserved. Thus, if we preserve some power for paral|§! E, F and G preserved/W of its total power for parallel
processes, the performance of local processes may decreas}@b%s, that was, 20, 25, 36, 43, 46, 54, and 84%, respectively.
the local user expects (since the user allows the power t0\RR set 40 ms tguantum of PJ1.
used by parallel processes), but not too much. Their responsgne four parallel program events were used. The compu-
time will not increase greatly. _tation sizes in the following discussions are represented by
In the experiments, we also evaluated the context switghle execution times on the fastest workstations. The execution
overhead. Because we fixegliantum to be 40 ms, and times on other workstations are determined correspondingly
increased the preserved power, the number of context switghsed on their power weights. Two kinds of local processes
increased. Compared with the SVR4 scheduler, the contgdre considered: those with system calls and those without
switch cost increased by 47% to 88% when the preservegstem calls. The system calls were assumed to be exponen-
power changed from 1/3 to 3/4. However, the actual contegly distributed and occurred at the rate of about 40 times in
switch times were only 50.8 and 65.2 ms for 1/3 and 3/4 powghoo ms. In the experiments, we also changed the number of

preservation, respectively, which accounted for about 1.3 agga processes from 1 to 8 to see its effect on the performance
1.6% of the computation time (4000 ms). of parallel jobs.

Figures 3, 4, 5, and 6 report the simulated execution
times of EP, MG, IS, and LU on NOW1 (left) and NOW2

We next studied the performance of parallel jobs schedul@gght), respectively. The execution times are broken down into
by the self-coordinated scheme on NOWs. We evaluated thiggnputation, communication, synchronization, and context

5.4. Self-Coordinated Local Scheduling for Parallel Jobs

factors affecting the performance of parallel jobs: switch, which are calculated by averaging their timing values
1. the number of local jobs, across all workstations. For a given number of local processes,
2. different NOW systems, and we also evaluated those with system calls (left bar) and those
3. local jobs’ system calls. without system calls (right bar).

The EP program was composed of one computation fol-
We did extensive simulation to evaluate the above effectewed by all-to-one communication. Figure 3 gives the exe-
Because of space limit, we only report some major results éation times of an EP with its computation size of 4000 ms

25 25
Computation Computation
) Communication ) Communication
% 23 Synchronization % 23 Synchronization
S Context switch S Context switch
Q Q
'g 21 — —— — . S S S —— 'g 21 — —— — S N N N ——
c | | c
S 19 S 19
3 3
L 17 L 17
L L
15 15
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Number of local processes Number of local processes

FIG. 3. EP on NOW1 (left) and NOW?2 (right).
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110 110
. Computation . Computation
8 100 gommunlgatlgn 8 100 Communlgatl_on
& ynchromz_atlon & Synchromz_atlon
— Il Context switch — Il Context switch
@ 90 @ 90
E E
S | | S | |
*g‘ 70 ‘g‘ 70
[0}] [0}]
X 60 X 60
047273 4 56 7 8 047273 4 56 7 8
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FIG. 4. MG on NOW!1 (left) and NOW2 (right).

and communication amount of 1000 bytes. We first examilunning EP on a different NOW (NOW?2) resulted in very
the effects of local processes with or without system calls @milar performance.

NOW1. When there was only one local process, the computa-All other three types of parallel programs performed well
tion time of EP was reduced by 15% when there were systemder the self-coordinated scheduling scheme as well. Figure
calls. This is because system calls may sometimes block thedopresents the performance of MG which was characterized
cal process, thus more CPU cycles than preserved may be usgd® computations separated by transpose communications.
by EP. However, when more than one local process existed, fftee computation sizes were 4000, 2000, 1000, 500, 250, 500,
difference between these two kinds of local workloads (with000, 2000, and 4000 ms. A total amount of 17 Mbytes of
or without system calls) became insignificant. The overall pemessages were sent from point to point. In the IS program,
formance (execution time) was also affected by this factor, bilere were mainly three computations of 1000, 4000, and 2000
not much. Synchronization time is determined by the balanoes, respectively. The communication pattern was all-to-all,
of the execution times of the computation because the fastd the point-to-point communication was 10 Mbytes. Figure
processes have to wait for slow processes to go through. Bhe@resents the result of this application. The LU application
synchronization waiting time decreased from 2881 to 223 nirs Fig. 6 was characterized by six computations with lengths
when the number of local processes increased from 1 tod3.8000, 4000, 2000, 1000, 500, and 250 ms, respectively,
The execution time remained the same (20250 ms). Thisasd neighbor communications transmitting 700 Kbytes of
because the earlier a process finishes, the more waiting timesssages to its neighbor processes.

it will spend for the barrier. Context switch overhead con- In summary, we find from the simulation that (1) the number
tributed about 0.6% (121 ms) to the overall execution timef local jobs do not affect the parallel jobs significantly. In
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FIG. 5. 1S on NOW1 (left) and NOW?2 (right).
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FIG. 6. LU on NOW1 (left) and NOW2 (right).

other words, the performance of parallel jobs is guarantetatgeted process at that node to start running. Predicative
no matter whether workstations are lightly or heavily loadecbscheduling uses the recent history of communications among
by local jobs. (2) Different combinations of workstations d@rocesses to predict coming communication activities of each
not affect the execution performance of parallel jobs if therocess. When a process is scheduled on one node, an attempt
preserved powers are the same, and the fastest workstatisnmiade to schedule its correspondents on other nodes for
are identical. (3) The behaviors of local jobs (with or withousimultaneous execution.
system calls) affect very slightly the effectiveness of the Dusseatet al.[7] address the scheduling issue from another
scheme. perspective. In their study, they find that local scheduling is
Finally, we compared the performance of the four progranasfeasible alternative to coscheduling for parallel applications
using self-coordinated scheduling with that using coschedwith barrier synchronization. They propose a blocking algo-
ing. The execution times of the EP and IS programs usimighm, called the two-phased fixed-spin policy to avoid the un-
self-coordinated local scheduling are very close to that usingcessary context switching and to increase the possibility of
coscheduling, differing by a factor of only 1.2%. The execuunning several parallel processes simultaneously at their syn-
tion times of MG and LU using the self-coordinated scheme ichronization points. Coscheduling efforts are made by spinning
creased about 1.7% in comparison with the times of coschedat-the blocking point for a specific period of time through us-
ing. The slowdown comes from context switch overhead amuy a revised SVR4-based local scheduler.
power preservation precision problem we discussed in the preAtallah et al. [2] redefine coscheduling from an effective
vious subsection. speedup perspective. In their study, they first give a concept
called “duty cycle,” which is defined as the ratio of cycles
a workstation commits to local jobs to the number of cycles
6. RELATED WORK available for parallel processes. Based on this and the earliest
starting time at each workstation, they present an algorithm to
Using direct simulation, Arpacet al. [1] evaluate effects select a subset of workstations from a given set to maximize
of interactions between parallel jobs and local user jobihe effective speedup.
They also study feasibilities of process migrations in order Our scheme is also different from real-time systems. As we
to avoid the interaction. Another proposal for the interactiodiscussed before, a process of a parallel job is not a real-time
is discussed in [11], which allows parallel jobs to stay in process. It should be executed in the time-sharing mode and
workstation, but run at the lowest priority when local usdoe neither fast nor slow but just to catch up with the slowest
jobs exist. This method avoids the process migration, but dge®cess to have them reach the communication phase on time.
not guarantee the performance of parallel jobs. In contrast, the real time process has the highest priority to
Several variations of coscheduling have been proposedrtm. It will affect the local user response time significantly,
reduce the overhead of coscheduling. For example, Sobalvamtuich violates the resource sharing principle between local
and Weihl [14] propose a demand-based coscheduling poligger jobs and parallel jobs. The difference between real-time
to schedule parallel processes simultaneously only if thegheduling and power preservation is that for the first, the
communicate. There are two options: dynamic coschedulisgheduler allocateall CPU power to the real time process
and predictive coscheduling. When parallel processes avhile for the second, it allocates only the preserped of its
dynamically coscheduled, an arriving message will cause t8®U power to the process.
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In addition, power preservation is more flexible than the
real-time mode. When there are local jobs, it preserves
a certain amount of power for parallel jobs and gives thel-
remaining to local jobs. Consequently, the performance of
local jobs is predictable. When there are no local jobs, all
power is allocated to parallel jobs. As we discussed in Section,
4, if no time-sharing process exists, PJO will be in the highest
priority. The parallel process is executed even when it has
PJO priority. The tspj_dptbl table indicates that it keeps the*
same priority after it runs out of its time slice. However,
when some local user processes are available, their priorities
are higher than that of PJO. They interrupt the execution of
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7. CONCLUSIONS
7.

Our performance evaluation results indicate that to effec-
tively schedule parallel processes on a heterogeneous NOW,
we should consider both architecture information and systens.
wide characteristics. Using specific heterogeneous NOW infor-
mation such as the power weight and the preserved power for
parallel jobs in each workstation, and an abstract application
program model, we propose the self-coordinated local schegy
uling scheme. This method coordinates the execution pace of
a parallel job using the local scheduler based on coschedul-
ing principles. Simulation results show its effectiveness. The
power preservation in each workstation makes a fair powét-
distribution to guarantee the performance of both local and
parallel jobs and achieves the global coordination by locgl,
scheduling, which reduces the cost of coscheduling in NOWSs
significantly. The scheme can be applied to schedule multiple
parallel jobs as well. 13.

The scheme can be extended in many directions. One
direct extension is that the preserved power may change from
time to time based on requirements of local and parallel jojb4'
users and the utilization of workstations in NOWs. We are
studying these variants. Besides computing power, there are
some other factors such as memory and 1/O capability whicts.
need to be modeled and taken into considerations. We are also
investigating the communication interaction between local user
jobs and parallel jobs at a lower network level [6] and applying
the scheme to wider area NOW scheduling applications.
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