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ABSTRACT OF THE DISCLOSURE
A system and method for scheduling jobs in a
multiprocessor machine is disclosed. The status of CPUs on
node boards 1in the multiprocessor machine is periodically
determined. The status can indicate the number of'CPUé

avallable, and the maximum radius of free CPUs available to

execute Jjobs. Memory allocation is also monitored. This

information 1s provided to a scheduler that compares the status
of the resources available against the resource requirements of
jobs. The node boards and CPUS, as well as other reSOurceS~
such as‘memory,-are arranged in'hosts; The scheduler then

schedules jobs to hosts that indicate they have resources

available to execute the jobs. If none of the hosts indicate

they have resources available to execute the jobs, the

scheduler will wait until the resources become available. A
best fit of job to resources 1s attained by scheduling jobs to
hosts that have the maximum number of free CPUs for a radius

gy

corresponding to the CPU radius requirement of a job. Once the

job i1s scheduled to a host, it is dispatched to a host and
resources required to execute the Jjob are allocated to the job

at the host.
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TOPOLOGY AWARE SCHEDULING FOR A MULTIPROCESSOR SYSTEM

FIELD OF THE INVENTION

[0001] The present invention relates to a multiprocessor
~ system. More particularly, the present invention relates to a

method, system and computer program product for schedullng Jobs

in a multiprocessor machine, such as a multiprocessor machine,

utilizing a non-uniform memory access (NUMA) architecture.

BACKGROUND OF THE INVENTION

[0002] Multiprocessor systems have been developed 1in the
past in order to increase processing power. Multiproceésor_
systems comprise a number of central processing units (CPUs)
working generally in parallel on pdrtions of an overall task.

A particular type of multiprocessor system used in the past has
been a symmetric multiprocessor (SMP) system. An SMP system
generally has a plurality of processors, with each processor
having equal access to shared memory and input/output (I/O)
devices shared by the processors. An SMP system can execute

jobs gquickly by allocating to different processors parts of a

particular Jjob.

[0003] To further increase processing power, processing
machines have been constructed comprising a plurality of SMP
nodes. Each SMP node includes one or more processors and a
shared memory. Accordingly, each SMP node is similar to a
separate SMP system. In fact, cach SMP node need not reside in

the same host, but rather could reside in separate hosts.

[0004)] In the past, SMP nodes have been interconnected 1in

some topology to form a machine having non-uniform memory
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access (NUMA) architecture. A NUMA machine 1s essentially a
plurality of interconnected SMP nodes located on one or more

hosts, thereby forming a cluster of node boards.

[0005] Generally, the SMP nodes are interconnected and cache
coherent so that the memory in an SMP node can be accessed by a
processor on any other SMP node. However, while a processor
can access the shared memory on the same SMP node uniformly,
meaning within the same amount of time, processors on different

boards cannot access memory on other boards uniformly.

Accordingly, an inherent characteristic of NUMA machines and
architecture 1s that'not all of the processors can access the
same memory in a uniform manner. In other words, while each
processor in a NUMA system may access the shared memory in any

SMP node 1n thé’machine, this access is not uniform.

[0006]  This non-uniform access results in a disadvantage 1in

NUMA systems in that a latency 1s introduced each time a

processor accesses shared memory, depending on the combination
of CPUs and nodes upon which a job is scheduled to run. In
particular, it is possible for program pages to reside “far”
from the processing data, resulting in a decrease in the
efficiency of the system by increasing the latency time
required to obtain this data. Furthermore, this latency is

unpredictable because is depends on the location where the

shared memory segments for a particular program may reside 1n
relation to the CPUs executing the program} This affects

performance prediction, which is an important aspect of

parallel programming. Therefore, without knowledge of the

topology, performance problems can be encountered in NUMA

machines.
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[0007] Prior art devices have attempted to overcome these
deficiencies inherent in NUMA systems in a number of ways. For
instance, programming tools to optimlize program page-and data
processing have been provided. These programming tools for
programmers assist a programmer to analyze their program 
dependéncies and employ optimization algorithms to optimize
page placement, such as making memory and_processing:mapping
requests to specific nodes Or groups of nodes containing
specific processors and shared memoxry within a machine. While
these prior art tools can be used by a single programmer to

optimally run jobs in a NUMA machine, these tools do not

service multiple programmers well. Rather, multiple
programmers competing for their share of machine resources may
conflict with the optimal job placement and optimal utilization

of other programmers using the same NUMA host or cluster of

hosts.

[0008] To address this potential conflict between multilple

programmers, prior art systems have provided resource

management software to manage user access to the memory and

CPUs of'the system. For instance, some systems allow
programmers to “reserve” CPUs and shared memory within a NUMA
machine. One such prior art system 1s the Miser“@kﬁﬂxﬂl
queuing system that chooses a time slot when specific resource
requirements, such as CPU and memory, are available to run a
job. However, these batch gqueuing systems suffer from the
disadvantage that they generally cannot be changed
automatically to re-balance the'system between ihteractive and
batch environments. Also, these batch queuing systems do hot

address job topeology requirements that can have a measurable

impact on the jocb performance.

P PR ————— veru——E R
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[0009] ‘Another manner to address this conflict has been to
use groups of node boards, which are occasionally réferred to
as ""CPUsets” or “prooessor'sets”. Processor sets specify CPU
and memory sets for specific processes and have the'advantage
that they can be created dynamically out of available machine

- resources. ~HOWevér, processor sets suffer from the
disadvantage that they do not implement any resource allocation
policy to improve efficient utilization of resources. In other
words, processor sets are generally configured on an ad-hoc
basis, wlithout fecourse to any policy based scheduling or

enforcement of job topology.

[0010] A further disadvantage common to all prior art
‘resource management software for NUMA machines 1s that they do
not consider the transient state of the NUMA machine. In -
other words, none of the prior'art systems consider how a Jjob
being executed by one SMP node or a cluster of SMP nodes 1in a

NUMA machine will affect execution of a new job.

[0011] Accordingly, there is a need 1n the art for a
scheduling system which can dynamically schedule and allocate
jobs to resources, but which 1s nevertheless governed by a
policy to improve efficient allocation of resources. Also,
there is a need in the art for a system and method that is not

restricted to a single programmer, but rather can Dbe

implemented-by'multiple programmers competing for the same
'resources. Furthermoie, there is a need in the art for a
method and system to schedule and dispatch jobs based on the
transient topology of the NUMA machine, rather than on the

basis that each CPU in a NUMA machine 1s homogenous.
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Furthermore, there 1s a need in the art for a method, system
and computer program product which can dynamically'monitor the
topology of a NUMA machine and schedule and dispatch jbbs in

view of transilent changes 1in the topology of the system.

SUMMARY OF THE INVENTION
[0012] Accordingly, 1t 1s an object of this invention to at

least partially overcome the disadvantages of the prior art.
Also, it is an object of this 1nventlion to provide an improved
type of method, system and computer program product that can

more efficiently'schedule'and allocate jobs in a NUMA machine.

[0013] Accordingly, in one of its aspects, this invention

resides in a computer system comprising a cluster of node

boards, each node board having at least one central processor

unit (CPU) and shared memory, salid node boards being

interconnected into groups of node boards providing access

between the central processing units (CPUs) and shared memory
on different node boards, a scheduling system to schedule a job
to said node boards which have resources to execute the jobs,
said batch scheduling systém-compriéing:‘

a topology monitoring'uhit'for monitoring a status of the

-
ol

CPUs and generating status information signals indicative of

the status of each group of node boards:

‘ a job scheduling unit for receiving said status
informatioh signals and said jobs, and, scheduling the job to
one group of,nodé boards on the baSis of which group of node

boards have the resources required to execute the job as

indicated by the status information signals.
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In another aspect, the present invention resides in

a a computer system.comprising resources physically located in

more than one module, said resources including a plurality of

processors being interconnected by a number of interconnections

in a physical topology providing non-uniform access to other

resources of said computer system, a method of scheduling a job

to said resources, said method comprising the steps of:

(a)

periodically assessing a status of the resources and

sending status information signals indicative of the

status of the resources to a job scheduling unit;

(D)

assessing, at the job scheduling unit, the resources

required to execute a job;

(C)

comparing, at the job scheduling unit, the resources

required to execute the job and resources available based

on the status information signals; and

(d)

scheduling the job to the resources which are

available to execute the job as based on the status

information signals and the physical topology, and the

resources required to execute the job.

[0015]

Accordingly, one advantage of the present invention

is that the schedulilng system@comprises'a.topology monitoring

unit which is aware of the bhysical topology of the machine

comprising the CPUs, and monitors the status of the CPUs in

the computer system. In this way, the topology monitoring unit

provides current topological information on the CPUs and node

boards in
scheduler
boards in

invention

the machine, which information can be sent to the

in order to schedule the jobs to the CPUs on the node
the machine. A further advantage of the present

is that the job scheduler can make a decision as to
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which group of processor or node boards to send a job based on
the current topological information of all of the CPUs. This
provides a single decision point for allocating the Jjobs in a
NUMA machine based on the most current and transcient status
information‘gathered by the topology monitoring unit for all of
the node boards in the machine. This is particularly
advantageous where the batch job scheduler is allocating jobs
to a number of host machines, and the topology-monitoring unit

_ismonitoring the status of the CPUs 1n all of the hosts.

[0016]  In one embodiment, the status information providéd o),
the topology unit 1s indicative of the number of free CPUs for
each radius, such as 0, 1, 2, 3 .. N. This information can be
of assistanbe to the job scheduler when alloéating jobs to the
CPUs to ensure that the requirements of the Jjobs can be

satisfied by the available resources, as indicated by the

topology monitoring unit. For larger s¥ystems, rather than
considering radius, the distance between the processor may be

‘calculated in terms of delay, reflecting that the time delay of

various interconnections may not be the same.

[0017] A still futther advantage of the invention 1is that

the efficiency of the overall NUMA machine can be maximized by
allocating the.job'to‘the “best” host or module. For‘instancé,
in one embodiment, the “best” host or module 1s selected based
on which of the hosts has the maximum.number of available CPUs
of a particular radius availlable to execute a Jjob, and the 70ob
requires CPUs having that particular radius. For instancé, if
a partibular job is known by the job scheduler to require eight

—

"CPUs within a radius of two, and a first host has 1lo CPUs

available at a radius of two but a second host has 32 CPUs
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‘available at a radius of two, the job scheduler will schedule
the job to the second host. This balances the load of wvarious
jobs amongst the host. This also reserves a number of CPUs
with a particular radius avallable for additional jobs on
different hosts in order to ensure resources are available in
the future, and, that the load of various jobs will be balanced
amongst all of the resources. This also assists the topology
monitoring unit in allocating the resources to the job because

more than enough resources should be available.

(0018} In a further enibodimént of the present invention, the
batch scheduling system provides a jdb execution unit .
associated with each execution host. The job execution unit
allocates the jobs to the CPUs in a particnlar hoSt for .
parallel execution. Preferably, the job execution unit
communicates with the tdpology monitoring unit 1n order to
assist in advising the'topology'monitoring_unit of the status
of various node boards within the host. The job execution unit
can then advise the job topology monitoring unit when a job has
been allocated'to a group of'nodes. In a preferred embodliment,
the topology monitoring unit can allocate resources, such as by
allocating jobs to gronps of-CPUs based on which CPUs are
available to execute the jobs and have the'required'resources

such as memory.

[0019] ' A further advantage of the present invention 1s that

the job scheduling unit can be implemented as two separate
schedulers, namely a standard scheduler and an external
scheduler. The standard-scheduler can be similar to a
conventional scheduler that is operating on an existing machine

to allocate the jobs. The external scheduler could be a




- CA 02365729 2001-12-20

separate porticn of the batch job'scheduler which recelves the
status information signals"from.thé topology monitoring unit.
In this way, the separate\exterﬁal scheduler can keep the
specifics of the status information signals apart from the main
scheduling loop operatéd by the standard scheduler, avoiding a
decrease ih the efficiency of the standard scheduler.
Furthermore, having the external scheduler separate from the
standard scheduler provides more robust and efficient |
retrofitting of existing schedulers with the present invention.
In addition, as new topologies or memory architectures are
developed in the future, having a separate external scheduler
assists in upgrading the‘job scheduler bécause only the

external scheduler need be upgraded or patched.

[0020] A further advantage of the present invention is that,
in one embodiment, jobs can be submitted with a topology

requirement set by the user. In this way} at Jjob submission

time, the user, generally one of the programmers_sending Jjobs

'to the NUMA machine, can define the topology requirement for a
particular job by using an opticnal command in the job
submission. This can assist the batch job scheduler 1n
identifying the resource requirements for a particuiar Jjob and
then matching those resource requirements to the available node
boards, ésfindicated by the status information signals received
from the topology monitoring unit. Further, any'one of
multiple programmers can usé'this optional command and 1t 1s

not restricted to a single programmer.

[0021] Further aspects of the invention will become apparent

upon reading the following detailed description and drawings

which illustrate the invention and preferred embodiments of the
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invention.

[0022] In the drawings, whilich i1llustrate embodiments of the
invention: ' '
[0023] Figures 1A and 1B are a schematic representation and

a configuration representation, respectively, of a symmetric
multiprocessor having non-uniform memory access archltecture

and having eight node boards in a rack system;

[0024] Figures Z2A and ZB are a schematic representation and

a configuration representation, respectively, of a symmetric

multiprocessor having non-uniform memory access architecture

and having 16 node boards in a multirack system; and:

[0025] Figures 3A and 3B are a schematic representation and
a COnfiguration representation, respectively, of a symmetric
multiprocessor having non-uniform memory access architecture

and having 32 node boards in a multirack system;

[0026] Figure 4 1s an eﬁlarged configuration representation

of a symmetric’multiprocesé@r having 64 node boards 1n a

multirack system, including a cray router for routing the jobs

to the processors on the node boards;

-

[0027] Figure 5 is a schematic representation of a

multiprocessor having 64 processors arranged in a fat tree

structure;

[0028] =  Figure 6 is a symbolic representation of a job
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submission through a scheduler according to one embodiment of ‘

the present invention; and

[0029] Figure 7 1is a schematic representation of two node
boards.
[0030] ' Figure 8a is a schematic representation of the

physical topology of a symmetrical multiprocessor having 8 node
boards in a rack system, similar to Figure la, and, Figures 8b
and 8c are schematic representations of the transient or
virtual topology shown in Figure 8a, representing that some of
the node boards have‘proceSsors which are unavailable for

executing new Jobs.

[0031] Figure 9a is a schematic representation of the
physical topology of a symmetrical multiprocessor having 16
node boards in a rack system, similar to Figure 2a, and Figures

Ob to Y9g are schemétic-representations of the transilient or

virtual topology shown in Figure_9a,-representing that some of
the node boards have processors which are unavailable for

executing new Jjobs.

[0032] Figure 10 is a symbolic representation of a system

having a META router connecting n hosts or modules.

DETAILED DESCRIPTION_OF THE PREFERRED EMBODIMENTS

[0033] Preferred embodiments of the present invention and its
advantages can'be understood by referring to the present
drawings. In the present drawings, like numerals are used fbr

like and corresponding parts of the accompanylng drawlings.
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[0034] Figure 1A shows a schematic representation of a
symmetric multiprocessor of a particular type of topology,
shown generally by referenoe,numeral 8, and'having non~uniform
memory access architecture. The symmetric multiprocessor
topology 8 shown in_FigureolA-has eight node boards 10. The
eight node boards 10 are arranged in a rack system and are
interconnected by the interconnection 20, also shown by letter
“R”. Figure 1A shows a configuration representation, shown
genérally by reference numeral 8c, of the multiprocessor
topology 8 shown schematically in Figure 1lA. As 1s apparent
fromFigure‘lB, the configoration representation 8c shows all
of the-eight boards 10‘in a~single-host or module 40. In this
context, the torms.host and module will be used interchangeably
because actual physical configuration of the multiprooessor,
and the terms used to desc:ibe the physical oonfiguration,'may

differ between different hardware manufacturers.

[0035] The symmetric multiprocessor topology 8 shown 1n
Figure 1A can be expanded to have additional node poards. For
‘ instance, Figure‘ZA shows a schematic representation of a
symmetric'multiprooessor topology, shown generally by reference
numeral 6, having 16 node boardS\lo.arraoged in a cube design.
As with the eight board multiproceséor topology 3, the node
boards 10 of multiprocessor topology 6 are 1lnterconnected by

interconnections, shown by reference numeral 20 and also the

iletter R.

[0036] Figure 2B illustrates a configuration representation,

shown generally by referencé numeral 6c, of the 16 board
microprocessor topology 6, shown schematically in Figure Z2A,

As shown in Figure 2B, in one embodiment the 16 node boards 10
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are physically configured on two separate hosts or modules

40.

[0037] Likewise, ‘Figure 3A shows a schematic.représentation
of a 32 node board multiprocessor topology, shown generally by
reference numeral 4, and sometimes referred to as a bristled
hyperéhbe; As shown in Figure 3B, the 32 board topology has

boards physically located on four separate hosts 40.

[{0038] Figure 4 illustrates a configuration representation
of a 64 board symmetric multiprocessor topology, shown
generally by reference numeral 2, and sometimes referred to as
a heirarchical fat bristled hyperéube. The topology*2.shown in
Figure 4 combihes two 32 board multiprocessor topologies 4 as
shown in Figures 3A and BB{ The 64 board topology 2 shown in
Figure 4 essentially uses a cray router 42 to switch data '
between the various hosts 40 in the topology 2. Because the

cray router 42 generally requlres much more time to switch

information than an interconnection 20, shown by letter “R”, 1t

is clear that in the 64 board topology 2 efficiency can be

increased if data transfer between hosts 40 is minimized.

[0039] It 1s understood:that each of the node boards 10 will

have at least one central processing unit (CPU), and some

shared memory. In the embodiment wheré the node boards 10 -
contain two processbrs( the eight node boards 10 shown in the
eight board symmetric multiprocessor topology 8 1n Figure 1A
will contain up to 16 processors. In a similar ménner, the
Symmetric multiprocessor topology'6 in Figure 2A canrcontain up
to 32 processors on 16 node boards 10, and, the symmetric

multiprocessor topology 4 shown in Figure 3A can contain up to

----------------------
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64 processors on 32 node boards 10. It is understood that the
node boards 10 could contain additional CPUs, in which case the

total number of processors in each of the symmetric

multiprocessor topologieS‘B,'6 and 4, could be more.

[0040] Figure 7 shows a schematic representation of two node
boards 10a, 10b and an-interconnection 20 as may be used in the
symmetric multiprocessor topologies 4, 6 and 8 shown in Figures
1A, 2A and 3A. As shown in Figure 7, the two node boards 10z,
10b are connected to each other through the interconnection 20.
- The intercOnnection 20 also connects the node boards 10a, 10b
to other node boards 10, as shown by the topologies 1llustrated
in Figures 1A, 2A and 3A.

[0041] - Node board 10a contains, 1n this.embodimeht, two CPUs
12a and 14a. It is understood that additional CPUs could be

present. The node board 10a also contains a shared memory 18a
which is present on the node board 10a. Node bus 21la connects
CPUs lZa, 1l4a to shared memory 18a. Node bus 21la also connects
the CPUs 12a, l4a and shared memory 18a through the ‘
intercdnnection 20 to the other node boards 10, including node
board 10b. 1In a preferred embodiment, an interface chip l6a.
'may be present to assist ih transferring information between
the CPUs 12a, l4a and the shared memory 18 on node board 10a as
well as interfacing with_input/output and network interfaceé
(not shown), In a similar‘manner node board 105,'includes CPUs
12b, 1l4b interconnected by'node bus 21b to shared memory 18b
and interconnection 20 through interface chip 16b. '
Accoidingly, each node board 10 would be similar to node boards
10a, 10b in that each node board 10 would have at least one CPU

12 and/or 14, shared memoryfl8 on the node board 10, and an
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interconnection 20 permitting access to the shared memory 18

and CPUS 12, 14 on dlfferent node boards 10.

[0042] It is apparent that the processors 12a, l4a on node

board 10a have uniform access to the shared memory 18a on node

board 10a. Likewise, processors 12b, 14b on node board 10b
have uniform access to shared memory 18b. While PrOCessors
12b, 1l4b on node board 10b have access to the shared memory 18a
on node board 10a, pProcessors 12b 14b can only do so by

accessing the lnterconnectlon 20 and if present, interface

chip 16a and 16b.

[0043] Tt is clear that the CPUs 12, 14 accessing shared

memory 18 on their local node board 10 can do soO very easily by

simply accessing the node bus 21. This 1s often referred to as
a local memory access and‘the'proceSsors, 12a, l4a on the same
node board 10a are considered to have a radius of zero because
they can both access the memory 18 without encountering an
interconnection 20. When a CPU 12, 14 accesses memory 18 on
another node board 10, that access must be made through at
least one interconnection 20. Accordingly, 1t 1s clear that
remote memory access is not equivalent to or uniform with local
memory access. .Furthermore} in the more complex 32 board
topology 4 illustrated in Figure 3A, more than one
interconnection 20may be encountered depending on wnich two
node boards lo'are exchanging data. Thus, a varlable latency
time is encountered when CPUs 12, 14 accees—shared Memory 18 on

dlfferent node boards 10 resultlng in access between processors

12, 14 and shared memory 18 on different node boards 10 being

non-uniform.
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[0044] It is understood that the host or module 40 may have
many processors 12, 14 located on a numpber of boards. In other
‘words, while the physical eonfiguratiens shown by reference
numerals 8c, GC, 4c and 2c illustrate selected boards 10 in the
host 40, the host 40 may hevea large number of other boards.
For instance, the Silicon Graphics™ Origin Series of
multiproceesors can accommOdate-up to 512 node boards 10, with
.each node board 10 haviling at least two processors and up to
four gigabytes of shared memory 18. This type of machine
allows programmers to run massively parallel programs with very

large’memory requirements using NUMA architecture.

[0045] Furthermore, in a preferred embodiment of the present

invention, the different topologies 8, 6, 4 and 2 shown in
Figures 1A to 4 can be used and changed dynamically. For
instance, in the configuration 4c where the 32 board tepology,
shown by reference numeral 4, 1is used, it is possible for this

topology to be separated,‘if the job requirements are such, soO

that two 16 board topologies 6 can be used rather than the 32

board topology, shown Dy reference numeral 6.

[0046] In other words, the ncde boards 10 can be arranged in

different groups corresponding to the topologies 8§, 6, 4 and 2.

Jobs can be allocated to these different possible groups or

topologies 8, 6, 4 and 2, depending on the job requirements.

. Furthermore, as illustrated by the configuration

representations 8c, 6c¢, 4c and Z2c, the.groups of boards 10 can

be located on separate hosts 40.

[0047]) It is understood that the larger number of

interconnections 20 required to communicate between node boards
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10, the greater the latency required to transfer data. This is
often referred to as the radius between the CPUs 12, 14 or the
node boards 10. For a radius of “0”, no interconnections are
encountered when transferring data between particular node
boards 10. \This occurs, for instance, when all the CPUs 12, 14
executing a job are located on a single node board 10. For a
radius of 1, only one interconnection 20 is located between
processors 12, 14 executing the Jjob. For instance, in Figure
7, the radius from node board 10a to node board 10b is 1
because one lnterconnectlon 20 is encountered when transferring
data from node board 10a to node board 10b. For a radius of
two, two 1nterconnectlons 20 are encountered for transferring

- data between a first node board 10 and another node board 10.

[0048] Figures 1A to 4 illustrate the topologies 8, 6, 4 and
2, generally used by Silicon Graphics™ symmetric
multlprocessor machines, such as the Origin Series. These
topologies 8, 6, 4, 2 generally use a fully connected crossbar
switch hyperécube topology. It is understood that additional

topologies can be used and different machines may have

different topologies.

[0049] For instance, Figurs 5 shows the topology for'a
Compaqﬂ“symmetfic multiprocessing machine, shown generally by
reference numeral 1, which topology is often referred to as a
fat tree topology because 1t expands from a level O.sFigure >
is similar to the Silicon Graphics™ topologies 8 6, 4 and 2 1n
that the Compaqmdtopology 1 shows a number of processors, in
this case 64 processors identified by CFPU id 0 to CPU 1d 63
which are arranged in groups of node boards 10 referred to 1in

the embodiment as processor sets. For instance, the processors
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identified by CPU 1d 31, 30, 29 and 28 form a group of node
boards 10 shown as beihg part of processor set 4 at leﬁel 2 1n
host 2. The host 2 contaihs édjacent processor sets or groups
of node boards 10. Instead of proéessors, thé fat tree
tbpology shown in Figure 5 could also be used to as an
interconnect architecture'for a cluster of symmetrical

multiprocessors.

[0050] ~ As with the Silicon Graphics“‘topologies 8, 6, 4 and

2, the Compaqg

topology 1 has non-uniform memory access in
that the CPUs 31 to 28 will require additional time to access
memory 1in the other processor sets because they must pass
“through the interconnections at levels 1 and 2. Furthermore,
for groups of nodes or proCessor sets in separate hosts 40,
which are the CPUs identified by CPU 1d 0 to 15, 32 to 47 and
48 to 63, an even greater latency will be encountered as data
requests must travel through level 1 of host 2, level 0 which

is the top switchés, and_then.level 1 of one of the host

machines 1, 3 or 4 and then through level 2 to a group of node
boards 10.

[0051] It is understood that groups of node boards 10 have

been used to refer to any ¢ombination of node boards 10,
whether located in a particular host or module 40 or in a
separate host or module 40. It 1is further undetstood that the
group of node boards 10 can include ”“CPUsets” or "“processor
sets” which refer to sets of CPUs 12, 14 on node boards'lo and
the associated resources, such as memdry 18 on node board 10.
In othér'words, the term “groups of node boards” as used herein
1s inteﬁded to include various afrangemeﬁts of CPUs 12, 14 and

memory 18, including ”“CPUsets” or “processor sets”.
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[0052] Figure 6 illustrates .a scheduling system, Shown~'
generally by reference 100, according to one embodiment of the

present invention.

[0053) The job scheduling system 100 comprises a job
scheduling unit, shown generally by reference numeral 110, a
topology monitoring unit,_ehown generally by reference numeral
120 and a job execution unit, shown generally by reference
numeral 140. The components of the job scheduling system.loo

wlll now be,described.

[0054] The job scheduling unit 110 receives job submissions

102 and then schedules the job submissions 102 to one of the

plurality of execution hosts or modules 40. In the embodiment

shown in Figure 6, only two execution hosts 40a, 40b are shown,
but it is understood that more execution hosts 40 will

generally be present. Each execution host 40 will have groups
of node boards 10 in topoldgies 3, 6, 4, 2, as described above,

or other topologies (not shown). Accordingly, the combination

of execution hosts 40 will form a cluster of node boards 10

having resources, shown geﬁerally by reference ndmeral 130, to
execute the jobs 104 being submitted by the job submission 10Z2.
One of these resources 130 will be processors 12, 14land.the

combination of execution hosts 40 will provide a plurality of

Processors 12, 14,

[0055] In a preferred embodiment, the job scheduling unit

110 comprises a standard scheduler 112 and an external

scheduler 114. The standard scheduler_llz can be any type of

scheduler, as 1s known 1n the art, for dispatching jobs 104.
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The external scheduler 114 is specifically edopted for
communicating with the topology monitoring unit 120. In
particular, the external scheduler 114 receives status

information signals Is from the topology monitoring unit 120.

[0056]  In operation, the standard scheduler 112 generally
receives the jobs 104 and determines what resources 130 the
jobs7lO4 require. In a preferred embodiment, the jobs 104
define the resource requirements, and preferably the topology
requirements, to be executed. The standard scheduler 112 then
querles the external scheduler 114 for resources 130 which are
free and correspond to the resources 130 requlred by the Jjobs

104 being submitted.

[0057] ~ In a preferred embodiment; as described more fully
below, the job scheduler 110 may alsco determine the “best” fit

to allocate the jobs 104 based on predetermined criteria.
Accordingly, in one embodiment, the external scheduler ll4'acts
as a request broker by translating the user supplied resource
and/ox topology requlrements associated with the jobs 104 to an

avallablllty query for the topology monitoring unit 120. The

topology monitoring unit 120 then provides status information
signals Is indicative of the resources 130 which are available
to execute the job 104. The status information signals Is

reflect the virtual or tran501ent topology in that they

consider the processors which are available at that moment and
ignore the processors 12, 14 and other resources 120 which are
executling other-jobs'104. It is understood that either the
information signals Ig cah.be provided periodically by the
topology monitoring unit 120, or, the information signals Ig

can be provided in response to specific queries by the external




CA 02365729 2001-12-20

- 21 -

scheduler 114.

[0058]It is understood that the job scheduler 110 can be |
integrally formed and perform the functions . of both the
standard scheduler 112 and the external scheduler 114. The job
scheduler 110'may be separated into the external scheduler 114

and the standard scheduler 112 for ease of retrofitting

existing units.

[0059]The topology monitoring unit 120 monitors the status of
the resources 130 on each of the hosts 40, such ‘as the current
allocation of the hardware. The topology monitoring unit 120

provides a current transcient view of the hardware graph and

in-use resources 130, which includes memory 18 and processors

12, 14.

[0060] In one embodiment, the topology monitoring unit 120

can determine the status of the processors 12, 14 by
interogating a group of nodes 10, or, the processors, 12, 14
 located on the group of nodes 18. The topology monitoring unit
120 can also perform thils function by interrogating the
operating system. In a further embodiment, the topology
monitoring unit lZO'can determine the status of the processors
by tracking the jobs being scheduled to specific processors 12,

14 and the allocation and de-allocation of the jobs.

[0061] In a preferred'émbodiment,.the topology monitoring
unit 120 considers boot processor sets, as well as DroCessor

sets manually created by the system managers, and adjusts its

notion of available resourcés 130, such as CPU'availability,

based on this information. In a preferred embodiment, the
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topology¥monitoring unit 120 also allocates and de-allocates
the resources 130 to the specific jobs 104 once the jobs 104

have been dispatched to the hosts or modules 40.

[0062]In a preferred embodiment, the topology monitoring unit

120 comprises topology daemons, shown generally by_reference
numerals 12la, 121b, rUnning on a corresponding host 40a and
40D, respectively.- The topology daemons 121 perform many of
the functions of the topology monitoring unit 120 described
generally above; on the cofresponding host. The topology
daemons 121 alsoc communicate with the external scheduler 114
and monitor the status of the resourcee 130. It 1is understood
that each topology daemon 12la, 121b will determine the status
of.the resources 130 1n 1its corresponding host 40a, 40b, and
generate host or module status information signals Isa, Isp
indicative of the status of the resources 130, such as the

status of groups of node boards 10 in the hosts 40a, 40b.

[0063] The scheduling syStem 100 further comprises Jjob
execution units, shown generally by reference numeral 140,
which comprise job execution daemons 14la, 1l41lb, running on
each host 40a, 40b. The job execotion'daemons lAl receive the

jobs 104 being dispatched by the job scheduler unit 110. The

job execution daemons 141 thén perform functions for\executing
the jobs 104 on its host 40, such as a pre-execution function
for implementing the allocation of resources, a job starter
function for binding the job 104 to the allocated resources 130
-and a post execution-function where the resources are de- '

allocated.

[0064] In a preferred embodiment, the job execution daemons
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141a,.141b comprise job execution plug-ins 142a, 142b,
respectively. The job execution plug-ins 142 can be combined
with the existing job execution daemons 141, thereby robustly
retrofitting existing job éxécution daemons 141. Furthermore,
the job execution plug~ins-142 can be updated or patched when
the scheduling system 100 is updated Accordingly, the Jjob
execution plug ins 142 are separate plug-ins to the job
execution daemons 141 and prov1de simllar advantages by belng |
separate plug—lns 143, as opposed to part of the job executlon

daemons 141.

[0065] The operation of the job scheduling system 100 will

now be described with respect to a submission of a job_lO4.'

[0066] Initially,. the job 104 will be received by'the J0b
scheduler unitillo; The ij scheduler unit 110 will then
identify the resource requirements, such as the topology
requirement, for the job 104. This can be done 1n a number of
ways, as 1is known in the art. However, in a preferred
embodiment, each job 104 will define the'resource'requirements
for executing the job 104. This job requirement for the job

104 can then be read by the job scheduler unit 110.

[0067] An example of a resource requirement or topology

requirement command in a job 104 could be as follows:
bsub -1 32 -aextsched
“CPU LIST=..;CPUSET_ OPTIONS=..”command

where.:

CPU LIST=24-39,48-33
CPUSET OPTIONS CPUSET CPUEXCLUSIVECPUSET MEMORY MANDATORY

This command indicates that:the job 104 has an exclusive
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“CPUset” or “processor set” using CPUs 24 to 39 and:48 to 53.
This command also restricts the memory allocation for the
process to the memory on the node boards 10 in which these CPUs
24 to 39 and 48 to 53 réside. This type of command can be-sét
by the programmer. It is also understood that multiple
programmers can set similar commands without competing for the
same resources. Accordingly, by this command, a job 104 can
specify an exclusive set of node boards 10 having specific CPUs
and the associated memory with the CPUs. It is understood that

a number of the hosts or modules 40 may have CPUs that satisfy

these reguirements.

[0068] In order to schedule the request, the job scheduler
unit 110 will then compare the resource requirements for the
job 104 with the available'resources 130 as determined'by the
status information signals Is received by the topology |
monitoring unilt 120. In one embodiment, the topology

monitoring unit 120 can periodically send status information

signalsals'to the external scheduler 114. Alternatively, the
external scheduler 110 will query the topology monitoring unit
120 to locate a host 40 having the requlred resource
réquiréments. In the preférred embodiment where the topoclogy
monitoring unit 120 comprises topology daemons 121a,‘121b
running on the host 40, the topology-daemons 121la, 121b
generally respond to the queries from the external scheduler
114 by generating and sending module status information éignals
Isa, Isp indicative of the status of the resources 130, including
the processors 12, 14, in each host. The status information
signals Is can be fairly.simple, such as by indicating the
number of available processbrs 12, 14 at each radius, or can be

more complex,'such as by indicating the specific processors

B L LI T
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which are available, along with the estimated time latency

bétween the processors 12, 14 and the associated memory 18.

[0069] In the embodiment where the external scheduler 114

queries the topology daemons 121a, 121b on each of the hosts
40a, 40b, it is preferred that this query is performed with the
normal scheduling run of the standard scheduler 112. This
means that the external scheduler 114 can coexist with the

standard scheduler 112 and not require extra time to perform

this query.

[0070] After the scheduling run, the number of hosts 40
which can satisfy the resource requirements for the job 104

will be identified based in part on the status information

signals Ig. 'The standard scheduler 112 schedules the job 104

to one of these hosts 40.

[0071] In a preferred embodiment, the external scheduler 114

provides a list of the hosts 40 ordered according to the “best”

available resources 130. The best availlable resourCes_l30‘can

be determined in a number of ways using predetermined criteria.

In non-uniform memory architecture systems, because of the

time latency as described above, the “best” avallable resources

130 can comprise the node boards 10 which offer the shortest .
radiué betweén CPUs for the;required radius of the Jjob 104. In
a further preferred embodiment, the best fit algorithm.would
determine the “best” available resources 130 by determining
the host 40 with the largest numbér of CPUs free at a
partidular radius required by the topology requirements of the
Job 104. The predetermined criteria may also consider other

factors, such as the availability of memory 18 associated with

AmAN — s r——,
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the processors 12, 14, availability of input/output resources

and time period required to access remote memory.

[0072] In the event that no group of node boards 10 in any
of the hosts 40 can satisfy the resource requirements of a job
104, the job 104 is not scheduled. This avoids a job 104 beilng
poorly allocated and adversely affecting the efficiency of ali
of the hosts 40. ' -

[0073] Once a determination is made of the best available

topology of the available node boards 10, the job 104 is

dispatched from the job scheduler unit 110 to the host 40
containing'the best available topology of node boards 10. The

job execution unit 140 will then ask the‘topology monitoring

unit 120 to allocate a group of node boards 10, for the job
104. For instance, in Figure 6, the scheduling unit 110 has
diSpatched the job 104 to the first execution host 40a because
the module status information signals I&awould have indicated
that the host 40a had reSOdrces 130 available which the
external scheduler 114 determined were required and sufficient
to exedﬁte the.job 104. In this case, fhe jOb execution unit
140, and specifically_iﬁ this embodiment the job execution
daemon l1l4la, will receive the job 104. The job execution plug—
in 142a on the first execution host 40a will query the topélogy
monitoring unit 120, 1in this case the topology daemon 121a
running on the first execution host 40a, for resources 130
corresponding to the resources 130 required to executed the job
104. The host 40a should~héve resources 130 available to
execute the job 104, otherwise the external scheduler 114 would
not have scheduled the job 104'to the first host 40a. The \

- topology daemon 121 may then allocate resources 130 for
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execution of the job 104 by selecting a group of node.boards 10
satisfying the requirements of the job 104. 1In a preferred

embodiment, the topology daemon 121 will create a processor‘set-
based on the selected group of node boards 10 to prevent thread

migration and allocate the job 104 to the processor set.

[0074] In a preferred embodiment, the topology daemon 121a

will name the allocated CPUset‘using an ldentification unique

to the job 104. 1In this way, the job 104 will be identified
with the allocated processor set. The job execution plug-in
142a then performs a further function of binding the job 104 to

the allocated processor set. Finally, once the job 104 has

been executed and its processes exlted to the proper

input/output unit (not shown), the job execution plug-in 1l42a
performs the final task of asking the topology daemon 121 to
de-allocate the processors'lZ, 14 previously allocated for the
job 104, thereby freeing those resources 130 for other Jjobs
104. In one embodiment, as discussed above, the topology
_monitoring unit 120 can monitor the allocation and de-
allocation of the processors 12, 14 to determine the available

or resources 130 in the host or module 40.

[0075] In a preferred embodiment, the external scheduler 114
can also act as a gateway to determine which jobs 104 shculd be
processed next. The external scheduler 114 can also be
nmodified to call upon other job schedulers 110 scheduling jobs
104 to other hosts 40 to more evenly balance the load.

[0076] | Figures 8a to 8c and 9a to 9g illustrate the

selection and allocation of a job 104 to corresponding

resources 130, depending on status of the resources 130,
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including the processors 12, 14 witﬁin each module 40. 1In this
way, the status informatioh signals Is by the topology o
monitoring unit 120 reflect the available or virtual topology
as compared to the actual physical topology. Figure 8a
illustrates'the actual or phySical.topOlogy 800 of a non-

uniform memory access system, similar to topology 8 shown in

Figure la. In'particula:, the topology 800 has eight node
' boards, each node board having two processors, indicated by the
‘number “2”, and four interconnections, labelled by the letters

A, B, C, D, respectively.

[0077] In Figure 8a, the actual topology 800 shows that two
processoré are available on each\node board, which would be the
case 1t alliof the processors are operating, and, are not
executling other jobs. By contrast, Figures 8b and 8c are the
available or virtual topolOgy 810 corresponding to the physicai
topology-800 shoWn in Figure 8a. The principle différénce
between the wvirtual topology 810 shown 1in Figure 8b, 8c and the
actual tOpolbgy 800 shown in Figure 8a, 1is.that the virtual
topology'810does not indicate that both processors are
available at all of the node boards. Rather, as shown at
interconnection A, one prQCGSSOr is availlable 1n one node
board, and nb processors available in the other nodexboard.‘
This is reflective of the,fact that not all of the processors

will be available to execute jobs all of the time. Similarly,

Figures 8b and 8c illustrates that at interconnection B one
processor is available at each node board, at interconnection

C, no processors are available at one node board and both

Processors are available on;the other node board, and at

interconnection D both processors are available at one node

board and one processor is available at the other node board.
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A similar representation of the available virtual topology will

be used in Figures 9a to 9g as discussed below.

[0078] Figure 8b 1llustrates the possible allocation of a
job 104 requiring two processors 12, 14 to execute in Figure
~8b. The "best” group of node'board 10 for executing the job
104 requiring two processors 12, 14, is shown by the solid
circles around the node boards having two free processors, at
interconnections C and D. 'This 1s the case because the '
processors 12, 14 on these node boards each have a radius of
zero, because they are located on the same node board. The
status inférmation signals I5 generated by'the topology unit
120 would reflect the virtual topology 810 by indicating what
resources 130, including processors 12, 14 are available. Wheﬁ

the job scheduling unit 110 receives the job 104 requiring two

processors to run, the external scheduler 114 may schedule the

job 104 to the host 40 containing these two node boards 10.

[0079]\ Preférably; the external scheduler 114 or the

topology daemon would also determine which processor 12, 14 are
the “best” fit, based on predetermined criteria. Likely the
node board at interconnection C would be preferred so as to
maintain three free processors at interconnection D should a
job requiring three CPUs be submitted while the present job 1s
still béing executed. Less preferred selections are shown by
the dotted oval indicating'the,two node boards at
interconnection B. These two node boards are less préferred)

because the processors would need to communicate through

interconnection B, having a radius of one, which, is less

favourable than a radius of zero, as 1s the case with the node

boards at C and D.
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00801 Figure 8c shows a similar situation where a job
‘indicating that 1t requires three CPUs 1s to be scheduled. The
“best” allocation of resources 130 would likely occur by
allocating the job to the three processors available at
interconnéction D. In this way, the maximum radius,jor
diameter between the processors would be 1, indicating that
data at most would. need to.be communicated through the
interconnection D.. A less favourable allocation is shown by
the dashed oval encompassing the processors at nodes A and C.
This is less favourable bedause the maximum radius or diameter
between the processors would be thrée, indicating a greater

variable latency for execution.

[0081] In a similar manner, Figure 9%9a illustrates the actual

prhysical topblogy 900 of a 16 board topology, similar to

topology 6 shown in Figure 2a. Using the same symbolic

representation as was used above with respect to Flgures 8a to
3c, Figure Y9a 1llustrates the actual or physical topology 9S00
while Figures 9b to 9g will illustrate the virtual topology 910
reflecting that some of the processors are not available to

execute additional jobs.

[0082] Figure 9b illustrates the possible allocation of é
job 104 requiring two proceésors 12, 14 to be executed. In
this case, there are a.large number of possibilities for
executing the job 104. Figure 9b shows with a solid round
circle tﬁo free processors that can execute the job 104 on the

same node board thereby having a radius of zero.

[0083] Figure 9c\illustrates with solid ovals, the possible
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allocation of a job 104 requiring three processors 12, 14,
these node boards have a radius of one which 1s the minimum
radius possible forfa job l04 requiring three processers when
the actual'topology 900 processors oh each node board 10.

The processors at the node boards near connection D are shown
1in dashed lines, indicating that, while both processors on both
node boards are available, this is not the preferred allocation
because it would leave one available processor at one of the
node boards. Rather, the preferred allocation would be to one
of the other nodes A, (, F or H, where one of the processors 1is
already'allQCated, so that the resources 130 could be used more

efficiently.

[0084] Figure 9d shows the possible allocation for a job 140

known to require four processors. As shown in Figure 9d, the
preferred allocation is the four processors near
interconnection D, because:their radius would be a maximumrof'
1. The dashed oval shows alternate potential allocation of

processors, having a radius of two, and therefore being less

favourabple.

[0085] Figures 9e, 9f and 9g each illustrate groups of

processors that are available to execute Jjobs requiring five
CPUs, six CPUs or seven CPUs. In Figure 9e, the oval
encompassing the node boards adjacent interconnections A and E

as well as the oval encompassing the node boards near

interconnections B and D have a radius of two, and therefore

would be preferred.

[0086] In Figure 9f, the oval encompassing the node boards

near interconnections D and H have a radius of two and
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therefore would be preferred for jobs requiring six-proéessors
12, 14. 1In this embodiment, the dashed ovals‘encompassing
interconnections A and B and F and H'provide alternate
processors to which the job 104 reqUiring S1X proCessors 12, 14
could be allocated. These alternate processors may be
prefetred if additional memory is required, because the
processors are spread across 4 node boards, thereby potentially

having more memory available than the 3 node boards contalned

within the solid oval.

[0087] Figure 9g contains two solid ovals each containing
seven processors with a radius of two. Accordingly, the '
processors 12, 14 contained 1in either one of.thé ovals
illustrated in the Figure 9g could be equally acceptéble to
execute a job 104 requiring seven prOCessors 12, 14 assuming
the only predetermined criteria for allocating jobs 104 is,
minimum radius. If other.predetermined criteria are

conslidered, one of these two groups could be preferred.

- [0088] Figures 8 and 9 illustrate how knowledge of the

available processors to create the virtual topologies 810 and

910 can assist in efficiently allocating the jobs 104 to the

resources 130. It is understood that the topology monitoring

unit 120 will provide information signals I; reflecting the

virtual topology of 810 and 910 of the plurality of processdrs.
With this information, the external scheduler 114 can then
allocate the jobs 104 to the group of processors 12, 14
available in all of the host or modules 40 based on the'x
informétion.signals Lgreceived'from the topology unit 120. 1In
the case where topology daemons 121 are located on each host or

module‘40,‘the external scheduler 114 will recelve module
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1nformatlon signals Is from each topology daemon 121 indicating

the status of the resources 130 in the hosts 40 and reflecting
the virtual topology, such as virtual topologies 810, 910,

discussed above with respect to Figures 8b, 8c and B%b to 9g.

[0089] The status information signals I could simply
indicate the number of available processors 12, 14 at each
radius. The external scheduler 114 then sort the hosts 40
based on the predeterminedecriteria. For instanoe, the
external scheduler 114 oould sort the hosts based on which one

has the greatest number of processors availlable at the radilius

the job 104 requires. The job scheduler 110 then dispatches
the jocb 104 to the host which best satisfies the predetermined
requirements. Once the job 104 has been dispatched\andl |
allocated; the topology monitoring unit 120 will update the
information status signals Is to reflect that the processors

12, 14 to which the job 104 has been allocated are not

- available.

[0090] Aocordingly, the topology monitoring unit 120 will
provide information signals I which would permlt the?jobs
scheduling uﬁit 110 to then schedule the jobs 104 to the
processors 12, 14. In the case where there are several
possibilities, the external schedule 114 will sort the hosts
based on the available topology, as reflected by the
information status signals Is. In other words, the same
determination that was made for the virtual topologies 810,
910, illustrated above, for jobs 104 having specific processor

or other requirements, would be made for all of the various

virtual topologies in each of the modules 40 in order to best

allocate the jobs 104 within the entire system 100.

‘‘‘‘‘
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[0091] It is apparent that this has significant advantages
to systems, such as system 100 shown in figure 6 with two hosts
40a, 40b. However, the advantages become even greater as the
number of hosts increase. iFOK'instance, Figure 10 illuétrétes
a system 200 having a META router 210 capable of routing data
and jobs to a variety of hosts or modules 240, identified by
letters a, b..n. The META router 210 can allocate the Jjobs and
send data amongst the varidus hosts or modules 240 such that
the system 200 can be considered a scalablemultiprocessor |
system. The META router 210 can transfer the jobs in data
through any type of network as shown generallyhby reference
numeral 250. For instance, the network 250 caﬂ be an '
intranetwork, but could also have connections through the
internét, providing the reSult that the META router 210 could
route data and Jjobs to a large number of hosts or modules.240
located remotely from each other. The system 200 also
cOmprises a topology monitoring unit, shown génerally by the
reference numeral 220. The topology monitoring unit 220 would
then monitor the status of the processors 1n each of the: hosts
or modules 240 and provide:information,indicative of the status
of the resources. In this way, Jjobs 104 can be routed through
the system ZOOIto be exécuted by the most efficient|group of
processors located on one or more oI the host or module 240.
In addition, when calculating the radius and delays 1n the
system, different radius calculations can be made to reflect
the different time delays of the wvarious interconnectiéns.

This is akin to the time delay created by the cray router 42

‘shown in Figure 4 that would 20 to processors_located‘wi:hiﬁ

rthe same modulie.
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[0092] It is understood that the term “jobs” as uséd.herein
generally refers to computer tasks that require various
resources of a computer system to be processed. The resocurces
a‘job.may require include computational resources of the host
system, memOry.retrieVal/storage resources, output resources
and the availability of spécific processing capabilities, such

as software licenses or network bandwidth.

[0093] It is also understood that the term “"memory” as used

herein is generally intended in a general, non-limiting sense.

In particular, the term “memory” can indicate a distributed

memory, a memory hierarchy, such as comprising banks of

1

memories with different access times, or a set of memoriles oO:

different types.

[0094] It is also understood that, while the present
invention has been described in terms of a multiprocessor
systemlhaving non—uniform.memory access (NUMA), the present
‘invention is not restricted to such memory architecture.
Rather, the present invention can be modified to support other

types of memory architecture, with the status information

signals Is containing corresponding information.

[0095] It is understood that the terms “resources 130”)

“node board 107, “groups of node boards 10” and “CPUset (s)” and

processor sets have been‘used to define both requirements to
execute a job 104 and the ability to execute the job 104. In
general, resources 130 have been used to refer to any part of
coﬁputer systeﬁ, such as CPUS'12, 14, node boards 10, memory
18, as well as data or code that can be allocated to a job 104.

The term “groups of node boards 10” has been generally used to

Y Ay ry——. o+ & — — WAL 07k sl g = =
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refer to various possible arrangements or topologies of node
boards 10, whether or not on the same host 40, and include
processor sets, which is generally intended to refeﬁ to sets of
CPUs 12, 14, generally on node boards 10, which have been

created and allocated to a'particular jJjob 104.

[0096] = It is_fUrther understood that the terms modules and

hosts have been used interchangeably to refer to the physical
configuration where:the Processors Or groups of nodes are'
physically located. It 1s understood that the different actual
physical configurations, and, different terms to describe the
physical configurations, may be used as is known to a person
skilled in the art. Howevér; 1t 1s understood that the terms
hosts and modules refer to:clusters and processors, having non-

uniform memory access architecture.

[0097] It will be understood that, although various features

of the invention have been described with respect to one or
another of the embodiments of the invention, the various
features and embodiments of the invention may'be combined or
used in conjunction with other features and embodiments of the

invention as described and illustrated herein.

[0098] Although this disclosure has described and
lllustrated certain preferred embodiments of the invention, it
13 to be understOOd that the invention 1s not restricted to
these'particular embodiments. Rather,. the invention includes
all embodiments that are functional, electrical dr mechanical

equivalents of the specific embodiments and features that have

been described and illustrated herein.
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The embOdiments of the invention in whichian exclusive

‘property or privilege 1s claimed are defined as follows:

1. In a computer system compriéinga cluster of node boards,
‘each node board having at least one central*processor unit
(CPU) and shared memory, sald node boards being.interconnected
into groups ot node boards providing access between the central
processing units-(CPUs) and shared memory on different node
boards, a scheduling system to schedule a job to said node
boards which have resources to execute the jobs, said batch

scheduling system.cbmprising:

a topology monitoring unit for monitoring a status of the
CPUs ahd generating.status-information signals 1ndicative of
the status of each grbup of node boards} |

a job scheduling unit for receiving said status '
information signals'ahd said jobs, and, scheduling the job to
one group of node boards on the basis of which group of node
boards have the resources required to execute the job as

indicated by the status information signals.

2. The scheduling systém,as defined in claim 1 wherein the
status information signals indicate which CPUs in ea¢h group of
node boards have availableiresources, and, thejob scheduling
unit schedules Jjobs to groups of node boards which have

resources required to execute ‘the job.

3. The‘schedulingﬁsystem as deflned in claim.l wherein the
status information signals for each group of node boards
indicate a number of CPUs available to execute jobs for each
radius; and '
wherein the job scheduling unit allocates the jobs to the

one group ©of node boards on the pasis of which group of node
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boards have CPUs avallable to execute Jjobs of a radius required

to execute the job.

4. The batch scheduling system as defined in claim 3 wherein
said cluster of node becards are located on separate hosts; and

wherein the topology monitoring unit monitors the status'
of the CPUs in each host and generates status information

signals regarding groups of node boards in each host.

5. The batch scheduling system as defined in claim 4 wherein
the status information signals 1include, for each host, a number
of CPUs-which are available for each radius; and '

whérein the scheduling unit maps the job to a selected
- host having a maximum number of CPUs available at a radius_'

corresponding to the required radius for the 7job.

6. The batch scheduling system as defined in claim 5 further
comprising, for each host, a job executlion unit for receiving

jobs which have been scheduled to the selected host by.the'job

scheduling unit, and, allooating the jobs to the selected group
of node boards; and .

wherein the job execution unit communicates with the
topology'monitOring unit to allocate the jobs to the group of
node boards which the topology monitoring unit has determined

have the resocurces required to execute the 7job.

7. The batch scheduling system as defined in claim 1 wherein
the scheduler comprises a standard scheduler for allocating
jobs to the selected group of node boards and an external
scheduler for receiving the status information signals from the
topology monitoring unit and sélecting the selected group of

node boards based on'the status of the i1information signals.
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8 . The batch schedullng System as defined 1n claim 3 wherein
1if the job'scheduling unit cannot locaté a group of ﬁode boards
which have the resources required to execute the job, the job
scheduling unit delays allocation of the job until the status
information signalsjindicate the resources required to execute

the job are available.
9. The batch scheduling System as defined in claim 3 wherein
the access between the central processing units (CPUs) and

shared memory on different node boards 1s non-uniform.

10. In a computer system comprising resources physically

located in more than one module, said resources including a
plurality of processbrs being interconnected by a number of
interconnections in a physical topology providing non-uniform
access to other resources of said computer system, a method of
scheduling a job to said résources, said method comprising the
steps of: \

(a) periodically assessing a status of the resources and

sending status informatidn_signéls indicative of the

status of the resources to a job scheduling unit;

(b) assessling, at the job scheduling unit, the resources

required to execute a Jjob; \

(C) compéring,'at the job scheduling unit, the resources

required'to execute the job and resources avallable based

on the stétus'information signals; and

(d) scheduling the job to the resources which are

available to execute the job as based on the status

information signals and the phySical topoclogy, and the

resources required to execute the job.
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11. The method as defined in claim 10 further comprising the
sub-steps of : '

(a) (1)  periodically assessing the status of resources
in each module and sending status information signals
‘indicative of the status of the resources 1n each module to the
job scheduling unit;

. fc)(i) comparing the available resources in each module
to the resources required to execute the job; and '

(d)(i) scheduling the job to the module haV1ng the most

resources available to execute the ]Ob

12. The method as defined in claim 10 further comprising the
sub-steps of: '

(a) (1) for each module, periodically assessing the.

status of the resources by}asseSSing the status of each
processor 1in each module and sending to the job scheduling unit
module status information for each module indicative of a
number of available processors at each radius in the module;

(b) (1)  assessing, at the job SCheduling‘unit, the *
requirements necessary to execute the job by determining the
number of processors of a required radius requlred to execute
the job; - '

(c)(')' comparing the resources requlred to execute the

job and the resources available by comparing the number of

processors of the required radius to execute the Jjob and the
number of available processors of the required radius-at each
‘module based'on the module information status signals; and
(d) (1) scheduling the job to the module which has a
largest number of avallable processors at the required radius

based on the module status information signals and the physical

topology.

e Mo by b At e—
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13. In a computer system comprising resources including a
plurality of processors, said processors being interconnected
by a number of interconnections in a physical topology
providing non—-uniform access td other resources of said
computer system, a scheduling system to schedule jobs to said
resources, said scheduling system comprising:

a topology monitoringunit for mdnitoring a status- of the
processors and generating status information signals indicative
of the status of said Processors;

a job scheduling unit for receiving said status
information signals and said jobs, and, scheduling the jobs to
groups of procéssors'on the basis of the physical topology and

the status information signals.

14. The scheduling system as defined in claim 13 wherein the
job schedulihg unit schedules the jobs based on predetermined
criteria, said predetermined criteria including the expected

delay to transfer information amongst the group of processors

based on the physical topology and the status information

signals.

15. The scheduling system as defined in claim 14 wherein the
predetermined criteria include a radius of the group of

processors to execute the job.

16. The scheduling system as defined in claim 15 wherein the
predetermined criteria further include the number of
_connections in the physical topology within the group of '
processors; availability of memory assocliated with the group of

processors and availability of other processors connected to

the group of processors.
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17. The scheduling system as defined in claim 13 wherein the
plurality of processors are physically located'inoseparate
modules. Wherein the topology monitoring unit comprises -
topology daemons associated with each modulé for monitoring a
status of the;processorsphysicaily located in the associated
module and generatihg module status information signals
indicative of the status of the processors in the assoclated
module, wherein the]job scheduling unit receives the module
status information signals from all of the topology daemons and
allocates the jobs to a group of processors in oné of the
modules on the basis of the physical topology of the processors

in the modules and the module status information signalo from
all of the modules. ‘

18. The scheduling System‘as defined in claim 17 wherein the
modules are interconnnected by a META router operating on a
network; -

wherein the jobs and the module status information

signals are communicated through the META router and network.

19. The scheduling system as defined in claim 18 wherein the

network comprises an Internet.

20. The scheduling system 1s defined in claim 17 wherein the

‘module status information signals indicate a number of
available processors for each radius; and wherein the job

scheduling unit schedules the job to a module having available

processor of a radius required to execute the -job.

21. The scheduling system as defined in claim 20 wherein the
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scheduling unit schedules jobs to the module having a greatest
number of available processors of a radius required to execute

the Jjob.
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