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Description

Tachnical Fleld

_ This invention concerns atiocation of memory to
processes in a multiprocessor system comprising a
plurality of processors each having its own memory.

Background of the Invention

Multiprocessor computers are generally classi-
fied as being either "tightly-coupled” or "loosely-cou-
pled", according to the memory arrangement which
they use.

Tightly-coupled systems are shared-memory
systems whevein a plurality of proceasors typically
have no memory dedicated to their own use (other
than cache memory)} and share use of a centrally-ad-
ministered memory. Central administration by a sin-
gle control sntity avoids the difficulty of coordinating
the work of a plurality of control entities, and enables
the central entity to manage the memory without con-
flict and easily to keep track of the status of every por-
tior of that memory. Hence, memory management -
- including the aflocation of mamory storage space to
processes -- Is easily implementable and may be
made rather flexibie. On the other hand, centralized
memery management is a "bottieneck” that may re-
strict the parformance of the multiprocessor. The cen-
tral control entity also adversely affects the fault-
tolerance of the multiprocessor, because it is a single
paint whose failure will generally incapacitate the
whole system.

Loosely-coupled systeams are non-shared mem-
ory systems wherein each processor has its own
memory substantially dedicated to its own use and
administered locally, i.e., by that processor's own
control entity. Because each memory is locally ad-
ministered by a different control entity that has no
knowiedge of, and no contral over, memory of any
other processor, extensive coordination and cooper-
ation bstween the various processors is required for
unified, system-wide, memory management. To
avold conflict betwesn the plural control entities, as-
signment of processes to processors is generally pre-
determined and static, i.e., unvarying, and allocation
of memory to processes is complex and rigidly limit-
ed.

Attempts at hybridizing these types of system
have been made. An illustrative example thereof is
disclosed by J.M. Tobias in 'A Single User Multipro-
cessor Incorporating Processor Manipulation Facili-
ties’, Proceedings, 7th Annual Symposium on Com-
puter Architecture (6-8 May 1980), pages 131-138.

Despite these attempts, in unsolved problem in
the artis how to provide flexible and dynamic memory
managemant, akin to that available in tightly-coupled
muitiprocessor systems, in non-shared memory mul-
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tiprocessor systems.

Summary of the Invention

This invention is directed to solving this and other
problema and disadvantages of the prior art. Accord-
Ing to the invention, In a multiprocessor system that
includes a plurality of processors each one of which
has its own memory, sach processor’'s memory Is
logically divided into a first and a second portion, re-
ferred to as a global and a local portion. Afirst control
arrangement of the multiprocessor allocates to proc-
asses memory included in the first memory portions.
lllustratively, the first control arrangement includes a
process manager located on one of the processors,
whose functions include assignment of processes to
processors. A plurality of second contral arrange-
ments, a different one of which is assoclated with
each processor, sach allocate to processes memory
included in the second memory portion of the associ-
ated processor. Hlustratively, each second control ar-
rangement includes an operating system kernel
whose capabilities include conventional memory
management functions. The kernel both allocates lo-
cal memory to, and deallocates local memory from,
processes assigned to its associated processor.

The invention has the desirable memory admin-
istration features of both the tightly-coupled and the
loosely-coupled multiprocessor systems. On one
hand, the global memory portions are administered in
the manner of a tightly-coupled multiprocessor sys-
tem, making memory management functions, such
as process-to-processor assignment and allocation
of initially-required memory to newly-created proc-
esses, flexible and easily impiementable. Since these
functions are centralized in a single control entity,
there is no need to coordinate the activitias of a plur-
ality of controt entities as in loosely-coupled aystems.
©On the other hand, the local memory portions are ad-
minigtered in the manner of a loosely-coupied system.
Because local memory administration pertains to in-
tra-processor functions, such as allocation of mem-
ory to, and deallocation of memory from, processes
assigned to the one processor, there is no need for co-
ordinating the activities of a plurality of control enti-
ties with respect to these functions. Rather, each
processor retains autonomous local control over its
local memory. And because control of local memory
is decentralized, there is no controt bottlenack that
may hamper the performance of the multiprocessor,
or create & single point of failure for memory admin-
istration functions other than processor-to-processor
assignment.

Preferably, the first control arrangement and the
plurality of second control arrangements cooperate
with each other to selactively transfer memory be-
tween the first and the second portion of memory of
any processor. The transfers are made in response to
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occurrence of predetermined conditions. For exam-
ple, storage space is transferred from the global por-
tion to the local portion when the amount of memory
in the local portion that is not allocated to processes
subceads -- falls below -- a predetermined minimum,
and memory is transferred from the unallocated local
portion to the global portion when the amount of mem-
ory in the unallocated local portion exceeds a prede-
termined maximum. The size of the local and global
memory portions is therefore not static, but may be
dynamically varied to mest asystem needs. Bacause
the local portion can "borrow” storage space from the
global portion and supply excess storage space back
to the global portion, memory Is more efficiently utll-
izad - and hence may ba made smaller - than would
be the case in a similar but statically-partitioned sys-
temn,

In one illustrative embodiment of the invention,
the first control arrangement does not allocate mem-
ory to process directly, but doss so through the sec-
ondary control arrangements. The first control ar-
rangement selfects a processor for a process, among
others on the basis of whether the proceasor has suf-
ficient global memory to satisfy the process’ initial
memory requirements. The first control arrangement
then transfers the required amount of memory from
the global memory portion to the uncommitted local
memory portion of the selected processor. The sec-
ond control arrangsment of the selected processor
then allocates the required memory from the uncom-
mitted local memory portion to the process.

This embodiment has the advantage that the first
control arrangement is freed of most memory man-
agement functions and the record-keeping that ac-
companies them. For sxample, the first control ar-
rangement nead not kesp records about how much,
or which particular parts, of memory are allocated to
processes, or even which particuler parts of meamory
comprise the global portion. The first control arrange-
ment only needs to know the amount of memory -- il-
lustratively the number of pages -- that are within the
global memory partion. Structure of the process man-
ager Is thus simplified and its performance is im-
proved.

These and other advantages and features of the
present invention will become apparent from the fol-
lowing description of an ilustrative embodiment of
the invention taken together with the drawing.

Brief Dascription of the Drawing

" FIG. 1 is a block diagram of an illustrative multi-
processor system including an exemplary em-
bodiment of the invention;

FIG. 2 is a block diagram of the global structure
of the host processor of FIG. 1;

FIG. 3 is a block diagram of tha tunable structure
of an adjunct processor of FIG. 1;

10

15

20

25

30

38

40

45

50

FIG. 4 is a state transition diagram of memory of
the system of FIG. 1;

FIG. 5 is a flow diagram of the operation of the
system of FIG. 1 in response to a FORK call;
FIG. 6 Is a flow diagram of the operation of the
system of FIG. 1 in response to an EXEC calfi;
FiG. 7 is a flow diagram of the operation of the
system of FIG, 1 in response to a dynamic mem-
ory allocation request;

FIG. 8 is a flow diagram of the operation of the
system of FIG. 1 in response to an EXIT system
call or to a dynamic memory dealflocation re-
quest; and

FIG. 9 is a flow dlagram of local-to-global mem-
ory transfer function of the system of FIG. 1.

Detailed Description

FIG. 1 shows a multiprocessor computing system
comprising a plurality of processors 10-12 intercon-
nected for communication by a communication me-
dium such as a bus 15. Each processor includes at
least three functional units: an interface 20 which en-
ables the procsssor to communicate across bus 15
according to the protocol of bus 15, a central process-
ing unit (CPU) 21 for executing processes inciuding
application and control processes, and a memory 22
which provides storage space for storing programs,
data, and other information for use by processes as-
signed to the processor. For ease of reference, stor-
age space within a memory will generally henceforth
be referred to as memory. _

Processors 10-12 include a host processar 10,
which serves as the administrative and control center
for the overall system of FIG. 1. Illustratively, host
processor 10 is the 3B15 computer of AT&T-Informa-
tion Systems Inc. Processors 10-12 also include a
plurality of adjunct processors 11-12 each of which
performs system functions specified by host proces-
sor 10. Hiustratively, processors 11-12 each comprise
a member of the WER 32100 family of microproces-
sors of AT&T, with attached memory. Bus 15 s, in this
example, a high-speed packet bus, such as a version
of the S/INET bus described in an article by S. R. Ahuja
antitled "S/NET: A High-Speed Interconnect for Multi-
ple Computers”in JEEE Journal on Selected Areas of
Communications, Vol. SAC-1, No. 5 (Nov. 1983), and
in U.S. Patent Nos, 4,384,323 and 4,514,728 to Ahu-
ja.

The system of FIG. 1 operates under controt of an
operating system, ilustratively a version of the UNIXR
operating system of AT&T. The operating system is
distributed across the processors 10-12. Distributed
operating systems are known in the art. For axampia,
an adaptation of the UNIX operating system to multi-
processors is described in an article by P. Jackson en-
titlad "UNIX Variant Opens a Path to Managing Mul-
tiprocessor Systems,” in Electronics, (July 28, 1983),
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pages 118-124, Program code of the operating ays-
tem kernel 31 (the memory-resident portion of the op-

erating system) is stored in memories 22 and exe-
cutes as a series of proceases on CPUs 21. Other
portions of the aperating system are stored on disk
(hot shown) that is tustratively attached to host proc-
essor 10 or one of procesaors 11-12 acting as a file
server, and are brought into memory 22 of processor
10-12 when needed. Kernel 31 is repticated on each
processor 10-12 and provides each processor 10-12
with the same basic operating system services. Ker-
nel 31 of each processor 10-12 may additionally pro-
vide unique services for its processor. Included
among the capabilities replicated on sach processor
10-12 are memory managsment functions that per-
form allocation and deelocation of memory toffrom
processes assignad to the same one of the proces-
sors 10-12 on which the memory management func-
tion resides.

Further included in the operating system kernel is
a process (or a collection of processes) referrad to as
a process manager 30. Process manager 30 Is not re-
plicated; it s located on host processor 10 only. Proc-
ess manager 30 is a centralized control arrangement
whosea functions include the assignment of processes
for execution to various ones of processors 10-12.

Memary is considerad to be a local resource with-
in the system of FIG. 1. Thatis, memory 22 of a proc-
sssor 10-12 is allocated and deallocated to processes
locally at each procsssor 10-12, by that processor’s
kernel 31 which has substantially no knowledge of, or
control over, memory 22 of any other processor 10-
12. However, processes are assigned for execution to
processors 10-12 by process manager 30, which
must known how much memory s available for initial
assignment to processes on each processor 10-12,
so that It can determine whether a particular proces-
sor 10-12 is capable of executing a given process.

For this reason, memory management is imple-
mented in the system of FIG. 1 as follows. Memory 22
of sach adjunct processor 11-12 is logicalty divided
into two portions: local memory 41 and global mem-
ory 42. Local memeries 41 together form a local mem-
ory pool, while giobal memorles 42 together form a
global memory pool. Local memories 41 of the local
pool are managed by kernels 31 each one of which
administers the local memory 41 of its associated
processor, while the global pool Is administered by
praocess manager 30 in coordination with kerneis 31.
Since process manager 30 administers the global
pool, it always knows the size of global memories 42
thereof. Pracess manager 30 uses this information to
decide whether a processor 10-12 has sufficient
memory available for allocation to processes to sup-
port assignment of any particular process therato,
Process manager 30 directly administers all memory
22 of host processor 10, using memory management
functions of kernel 31 of processor 10 to do so. Proc-
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es8 manager 30 administers memory 22 of host proc-
essor 10 in a conventional, uniprocessor, manner. It

effectively views all memory 22 of processor 10 inthe
same manner as it views global memary of other proc-
assors.

Memory of each processor 10-12 Is also logicafly
divided into committed memory 48 and uncommitted
memory 45, Uncommitted memory 45 ls memory that
has not besn allocated for use to any process and is,
therefore, free and avaltlable for allocation. Commit-
ted memory 46 is memory that has been allocated by
a kernel 31 for use to a process and is therefore con-
sidered to be in use and unavailable for allocation. On
adjunct processors 11-12, only local memory 41 may
be committed. Global memory 42 is always uncom-
mitted; this will be made claar further below.

To avoid disadvantages of static and inflexible
memory partitioning, process manager 30 and ker-
nels 31 of processors 11-12 may cooperatively trans-
fer memory between local memory 41 and global
memory 42 of a kernel's associated processor. Mem-
ory is thus allowed to "migrate” between local mem-
ory 41 and glcbal memory 42, upon agreement be-
twaen process manager 30 and kernel 31 of adjunct
processor 11-12 to or form whose local portion 41 the
memory Is migrating.

Memory migration Is graphically illustrated by
FiG. 4. FIG. 4 shows that any portion -- illustratively
any page -- of memory 22 of an adjunct processor 11-
12 is capable of being in any one of three states: al-
located to global memory state 400, allocated to un-
committed local memory state 401, and allocated to
committed local memory state 402. The occurrence
of various predetermined conditions, described fur-
ther below and represented in FIG. 4 by state transi-
tions 403-409, cause memory to migrate from state
to state.

Process manager 30 keeps track of the global
memory pool by means of global structure 50. Struc-
ture 50 is shown in greater detail in FIG. 2. Structure
50 is a data structure -- illustratively shown in FIG. 2
as a table -~ stored in memory 22 of processor 10.
Structure 50 includes a plurality of entries 211-213
sach one of which corresponds to a different one of
pracessors 10-12, respectively. Each entry stores in-
formation indicating the amount of memory included
in global memory 42 of the associated processor. UN-
COMMITTED CT. entry 211 associated with host
processor 10 stores information indicating the
amount of storage space included in unallocated
memory 45 of processor 10.

liustratively, memory 22 of each processor 10-
12 is logically partitionad into pages -- each one being
2048 bytes in size, for example -- and each GLOBAL
CT. entry 211-213 stores a count of the number of pa-
ges of memory included in unallocated memory 45
{entry 211) or in corresponding global memory 42
(entries 212-213). Nor particular pages are associat-
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od with the count, and the memory manager 30 does
not care about the Identity of pages - it cares only
about numbers of pages. Hence, no information iden-
tifying any particular pages need be stored in entries
211-213 of global structure 50,

Each adjunct kernel 31 manages its correspond-
ing local memory 41 substantially In a conventional
manner. However, for purposes of efficient adminis-
tration of the division of associated memory 22 into lo-
cal memory 41 and global memory 42, each kernel 31
has its own tunable structure 51. An lllustrative tuna-
ble atructure 51 is shown in FIG. 3. Structure 51is a
data structure -- ilustratively shown in FIG. 3 as a ta-
ble -- stored in memory 22 of processors 11-12 on
which kernels 31 raside. Structure 51 includes a plur-
ality of entries 201-207 ail pertaining to the memory
22 of the one adjunct processor on which it is located.
GLOBAL CT. entry 201 stores information indicating
the amount of memory included in global memory 42,
This memory is represented by state 400 in FIG. 4.
LOCAL CT. entry 202 stores information indicating
the amount of memory included in uncommitted local
mamory 45, This memory is represented by state 401
in FIG. 4. INITLOCAL sntry 203 stores information in-
dicating the amount of memory to be included in un-
allocated local memory 45 upon Initialization of the
processor; remaining unallocated memory is included
upon initialization in global memory 42. MINLOCAL
dntry 204 stores information indicating the miniumum
amount of memory that uncommitted local memory
45 should desirably contain. i and when the amount
of memory in uncommitted local memory 45 sub-
ceeds the minimum specified by entry 204, kerne! 31
attempts to have additional storage space migrate to
uncommitted local memory 45 from global memory
42. This migration is represented by state transition
404, MINGTOL entry 205 stores information indicat-
ing the minimum amount of memory that should de-
sirably be migratad at any one time from global mem-
ory 42 to local memory 41, to avoid "thrashing". Less
mamory than the minimum specified by entry 205 is
migrated generally only when global memory 42 con-
tains less memory than that minimum. MAXLOCAL
entry 206 stores information indicating the maximum
amount of memory that uncommitted local memory
45 ghould desirably contain. if and when the amount
of memory in uncommitted local memory 45 exceeds
the maximum specified by entry 208, kernel 31 mi-
grates, with approval of memory manager 30, some
of that memeory from local memory 41 to global mem-
ary 42. This migration is represented in FIG. 4 by state
transition 403. MINLTOG entry 207 stores informa-
tion indicating the minimum amount of memory that
shouid desirably be migrated at any one time fromun-
committed local memory 45 to global memory 42, to
avoid "thrashing”. Less memory than the minimum
specifiad by entry 207 is migrated generally only
when migration of that much memory would reduce
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the amount of memory in uncormmitted local memo
ry 45 below the minimum specified by entry 204.

Certain relationships exist among entries 203-
207, as follows. The amount of memory indicated by
MAXLOCAL entry 206 is greater than the amount of
memory indicated by MINLOCAL entry 204. The
amount of memory indicated by INITLOCAL entry
203 is bounded by the amounts of memory indicated
by MAXLOCAL sntry 206 and MINLOCAL entry 203.
The difference bstween the amounts of memory In-
dicated by MAXLOCAL entry 206 and MINLOCAL en-
try 203 is equal to or greater that the amount of mem-
ory indicated by MINGTOL entry 205 and by MIN-
LTOG entry 207. And preferably, the amounts of
memory indicated by MINLTOG entry 207 and by
MINGTOL entry 205 ars not equat to each other.

lilustratively, if memory 22 is logically partitioned
into pages, each entry 201-207 stores a count of
some number of pages; no information identifying
particular pages need be stored In tunable structure
51. In one illustrative embodiment of the system of
FIG. 1, wherein each memory 22 of processors 11-12
has one or two thousand pages of storage space and
wherein the operating system kernel occupies ap-
proximately 200 to 500 pages of each memory 22, en-
try 203 indicates 5 pages, entry 204 Indicates 5 pa-
ges, entry 205 indicates 40 pages, entry 206 indi-
cates 75 pages, and entry 207 indicates 50 pages.

The UNIX operating system includes three proc-
ass creation and termination primitives, which require
allocation and deallocation of memory to/from proc-
esses. -

A FORK primitive duplicates an existing process.
The parent and child processes are identical in pro-
gram -- they share the text portion of memory alfocat-
ad to them. However, each duplicated process has its
own data portion in memory, 8o the processes can
exscute independently of each other.

An EXEC primitive transforms an existing proc-
ess into a different process, by causing the process
issuing the EXEC primitive to stop executing its pres-
ent program and to begin executing a specified new
program. Hence, the old and the new process each
must have its own taxt and data portions in memory.
As part of the EXEC primitive call, generally there is
specified the minimum amount of memory that must
initially be allocated to the transformed, new, proc-
088,

Generally, one process creates a new proceas by
means of execution of the FORK primitive, imme-
diately followed by execution of the EXEC primitive
on the child process.

An EXIT primitive terminates a process and re-
leases -- deallocates -- its allocated memory. The
EXIT primitive releases both the test and the data por-
tiona of a process not sharing the textmemory portion
with ancther process; it realeases only the data mem-
ory portion of a process sharing the text memory por-
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tion with another process.

Additionally, the UNIX operating system includes
four system calls by means of which an existing proc-
ess can dynamicaily, L.e., during its execution, re-
guest that either additional memory be allocated
thereto, or that some of the memory allocated thersto
be deallocated. These system calls are BRK, SBRK,
SHMCTL, and an EXECLNUP portion of the EXEC
systam call. Argumsnts accompanying the first three
system calls spacify whether memory aliocation or
dealflocation is being requested (EXECLNUP only
deallocates memory), and the amount of memory be-
ing requested. The BRK and SBRK system calls are
for memory dedicated to a process, while SHMCTL is
a call for memory shared by a plurality of processes.
EXECLNUP is a call for dealtocation of memory of an
old process that has been successfully transformed
into a new process.

The activities relevant to this invention that are
undertaken by memory manager 30 and kernels 31 in
response to the above-described primitives and sys-
tern calls are diagramed in FIGS. 5-9.

FIG. 5 shows the system response to a FORK
call. Since the parent and child processes will share
a common text memory portion, they will ba colocated
on the same processor 10-12 on which the parent
process is currently located. Hence, no choice of
process-to-processor assignment is required.
¥ For purposes of illustration, assums that the
FORK primitive is calied by a process on adjunct proc-
assor 11. In response to the FORK call, at step 500,
kernel 31 of processor 11 determines the memory re-
quirements of the child process, at step 501. Kernel
31 knows the amount of memory being used by any
process on processor 11, and the child process is
merely a copy of the parent. Hence, kernel 31 deter-
mines the memory requirements of the child from
those of the parant. Next, at step 502, kernel 31 of
processor 11 examines entry 201 of is tunable struc-
ture 51 to determine whather there is sufficient mem-
ory available in global memory 42 to satisfy that
memory requirement. lllustratively, it does so by com-
paring the memory requirement of the child process
with giobal count entry 201 of its tunable structure 51
to determine whether global memory 42 includes the
amount of memory required by the child process. If
sufficient global memory 42 is not available -- the
child process’ memory requirement exceeds entry
201 -- kernel 31 proceeds to step 506.

If kernel 31 determines at step 502 that sufficient
global memory Is not available for the process to
FORK, kernet 31 fails the FORK, at step 507. The ac-
tivities undertaken by kernel 31 at step 507 are con-
ventional. But before failing the FORK, kernel 31 per-
forms the local-to-global memory transfer function of
FIG. 9 to transfer an amount of memory from uncom-
mitted local memory 45 to global memory 42, at step
506. This transfer is represented by state transition
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403 in FIG. 4. Kernel 31 does so in anticipation of the
failed FORK beling attempted again in the very near
future, and trias to ensure thereby that the next FORK
attemnpt will not fail due to lack of sufficient global
memoary 42, After falling the FORK at stap 507, in-
volvement of kernel 31 in the FORK comes toan end,
at step 508.

if kernel 31 determines at step 502 that sufficient
globatl memory is avallable for the process to FORK,
kernel 31 requests host processor 10 to allow the par-
ent process to FORK, at step 503. Ifiustratively, ker-
nel 31 does so by causing a packet carrying informa-
tion to that effect to be sent over bus 15 to process
manager 30. Ths transferred information Includes the
memory requlrement of the chlld process. Kernel 31
then awaits a response from process manager 30, at
step 504.

The communication between processor 11 and
processor 10 is kernel synchronous: processor 11
cannot dispatch any new process untit processor 10
answers the request. It is logically a remots subrou-
tine call. While requesting kernel 31 waits, it can han-
die local interrupts and also remota requests that it
may receive, but no other process can be dispatched.

Process manager 30 responds to recelpt of the
FORK request, at stap 510, by sxamining entry 212
of global structurs 50 that correspords to adjunct
processor 11 to determine whether there s sufficient
memory available in global memory 42 of adjunct
processor 11, at step 511. Process manager 30 must
do this because entry 212 of global structurs 50 and
entry 201 of tunabie structure 51 of adjunct proces-
sor 11 are maintained by separate controi mecha-
nisms 30 and 31 and hence may at certain times by
out of synch and not have identical contents.

If process manager 30 determines at step 511
that sufficient global memory is not available, it noti-
fies adjunct processor 11 of its refusal to allow the
FORK, at step 515. Process manager 30 does this il-
lustratively by causing a packet having information to
this effact to be sent to processor 11 over bus 15. Inr
volvement of process manager 30 in the FORK thus
ands, at step 516.

In response to receipt at step 505 of the refusal
to allow the FORK, kernel 31 fails the FORK, at step
507, and ends its involvement in the FORK, at step
508. o

If sufficient global memory is found to be avail-
able to processor 11, ai step 511, process manager 30
decrements entry 212 of global structure 50 by the
amount of requested memory, at step 512, thereby
initiating migration of that amount of global memory
42 of processor 11 to local memory 41 of processor
11. This migration is represented in FIG. 4 by state
transition 407. Process manager 30 then updates in-
formation that it keeps on all processes within the sys-
tem of FIG, 1 to include the child process, at step 513.
The activities undertaken by process manager 30 at
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stap 513 are substantially conventional, but also in-
clude storing of information regarding which proces-
sor 10-12 the child process is focated on. Process
manager 30 then notifies adjunct processor 11 of
grant of the FORK request, at step 514. lilustratively,
process manager 30 does 80 by causing a packet car-
fying information to that effact to be transmitted to ad-
junct processor 11 over bus 15. Involvemant of proc-
ess manager 30 in aliocating memory to the child
process is thus ended, at step 516.

Kernel 31 of processor 11 responds to recsipt of
notice of the FORK grant, at step 520, by initially
blocking local-to-global {L-to-G) memory transfers
from being made, at step 521. The transfers are
blocked by means of incrementing a count sema-
phore 52 (see FIG. 1) associated with tunable struc-
ture 51 of processor 11 and located on proceasor 11.
Count semaphores are well known in the art. Kernel
31 then transfers the amount of memory required by
the child process from global memory 42 to uncom-
mitted local memory 45, at step 522, to complete the
migration representad in FIG. 4 by state transition
407. Kernel 31 accomplishes the transfer by decre-
menting entry 201 of its tunable structure 51 by the
amount of requested memory, and incrementing en-
try 202 by the same amount.

LOCAL CT. entry 202 of structure 51 may now
exceed MAXLOCAL entry 206 of structure 51, This
result would generally trigger a migration, represent-
edin FIG. 4 by state transition 403, of some of uncom-
mitted [ocal memory 46 to global memory 42. it was
for the purpose of preventing this migration from oc-
curring that kernel 31 blocked local-to-global memory
transfers at step 521,

Following the memory transfer at step 522, ker-
nel 31 allocates the requestad amount of uncommit-
ted local memory 45 to the child process, in a conven-
tiona! manner, and decrements entry 202 of its tuna-
ble structure 51 to reflect this fact, at step 523.

This allocation migrates the allocated memory
from uncommitted local memory 45 to committed lo-
cal memory 46. This migration is represented in FIG.
4 by state transition 408. The net result of the FORK
on memory 22 of processor 11 thus is the migration
of the required amount of memory from global mem-
ory 42 to committed local memory 46. This net migra-
tion is indicated in F1G. 4 by state pseudo-transition
408, which represents the net effact of state transi-
tions 407 and 408.

Kernel 31 completes the FORK, at step 525,ina
cpnventional manner. Activitias performed by kernel
31 at step 525 include updating of records that indi-
cate which processes are assigned to processor 11,
updating of records that indicate what memory is as-
signed to what process, and notifying the other proc-
essaes affected by the FORK, including the parent
process, of the success of the FORK. This being
done, kernel 31 unblocks local-to-global memory
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transfers, at step 526, by decrementing counting
semaphore 52. Involvement of kernel 31 in the FORK
is thus ended, at step 527.

FIG. 6 shows the system response to an EXEC
call. The transformed process, referred to as the new
process, may end up being located on either the same
processor 10-12 or on a different processor 10-12
than the original process, refarred to as the old proc-
ess. A choice of process-to-processor assignment is
therefore required, and must be made by process
manager 30. If the new process Is not assigned by
process manager 30 to the old process’ processor, no
memory need be allocated on the old process’ proc-
assor as a consequence of the EXEC; only the old
process’ memory need be deallocated.

For purposes of illustration, assume that the
EXEC primitive is called by a process on pracessor
12. In rasponse to the EXEC call, at step 600, kerne!
31 of processor 12 determines the memory require-
ments of the new process, at step 601. As was indl-
cated above, the new proceass’ Initial memory require-
ments are specified directly by the EXEC call, for ex-
ampie. Alternatively, the memory requirements are
specified in an object file that is to be EXEC'd, and
are picked up therefrom by kernel 31. Next, kernel 31
of processor 12 requests process manager 30 to as-
sign memory of a processor to the new process, at
step 602. lllustratively, kernel 31 does so by causing
a packet having information about the EXEC, includ-
ing initial memory requirements of the new process,
to be sent to host processor 10. Kernel 31 of proces-
sor 12 then awaits response from process manager
30, at step 803, Once again, the communication be-
tween processor 12 and processor 10 is kernel syn-
chronous. _ :

Process manager 30 responds to receipt of the
EXEC request, at step 610, by selecting a processor
10-12 for the new process to run on and assigning the
new process thereto, at step 611. Process manager
30 bases the selection on any suitable criteria appli-
cable to the particular configuration of the aystem of
FIG. 1 and the use to which the system is being put.
These criterla include, for example, which processor
10-12 has the computing capabilities and peripherals
required by the new process, and the current load dis-
tribution or processes across processors 10-12,

One of the criteria used by process manager 30
is the availability of memory for assignment to the
new process on a processor 10-12. If sufficient mem-
ory is not available to a process, the process usually
cannot execute. Hence, as part of the process-to-
processor assignment performed at step 611, proc-
e55 manager 30 compares the initial memory require-
ment of the new process with a processor’s corre-
sponding GLOBAL CT entry in global structure 50,
end assigns the new process to that processor 10-12
only if and when global memory 42 available on that
processor 10-12 at least equals the initial memory re-
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quirement of the new process.

For purposes of illustration, assumse that proces-
sor 11 is selected at step 611, Following selection,
process manager 30 decrements entry 212 of globai
structure 50 by the amount of initial memory require-
ment of the new process, at step 612, thereby inltiat-
1Ag migration of that amount of global memory 42 of
procesasor 11 to local memory 41 of processor 11. This
migration is represented In FIG. 4 by state transition
407. Process manager 30 then notifies EXEC-
requesting processor 12 of the assignment of proces-
sor 11 to the naw process, at step 613, illustratively
by causing a packet to be sent to processor 12 over
bus 15. Barring occurrence of any difficulties with
parformance of the EXEC, Involvement of process
manager 30 therein is ended thereby, at step 6814,

In responss to the notice of assignment of proc-
essor 11 to the new process, at step 620, kernel 31
of processor 12 processes the EXEC, at step 621,
substantially in a conventional manner. The further
processing of the EXEC at stap 621 leads to either
success or failure of the EXEC, as suggested by step
622. If the EXEC fails, kernal 31 notifies process
manager 30 of the failure, at step 623. Involvement of
kernel 31 of processor 12 In the EXEC then ends, at
step 626.

Process manager 30 responds to receipt of the
EXEC failure notification, at step 630, by increment-
iEg entry 212 of processor 11 by the initial memory re-
quiremant of the new process, at step 831, thereby re-
storing that memory to global memory portion 42 of
pracessor 11 and terminating the migration repre-
sented in FIG. 4 by state transition 407. Involvement
of process manager 30 in the EXEC thus ends, at step
632,

Since the EXEC falled, assigned processor 11
has not been actively involved in performing the
EXEC.

Returning to step 622, if the EXEC succeeds,
kernel 31 of processor 12 notifies kernel 31 of proc-
essor 11 of its assignment to the new process, at step
624. Hustratively, notification takes place by means
of a packet bsing transmitted from processor 12 to
processor 11 via bus 15. The packet contains informa-
tion about the EXEC. Since the transformation was
successful, the old process ceases to exist and hence
its allocated memory must be deallocated. For this
purpose, kernel 31 calls the EXECLNUP function of
FIG. 8, at step 625. Involvement of kernel 31 of proc-
essor 12 in the EXEC than ends, at step 626,

~ Kernel 31 of processor 11 responds to being no-
tified of the EXEC, at step 650, by initially blocking lo-
cal-to-global memory transfers from being made, at
stap 651, by incrementing count semaphore 52. Ker-
nel 31 then transfers the amount of memory required
by the new process from global memory 42 to uncom-
mitted local memory 45, at step 652, in the manner
described for step 502. Kernel 31 thus completes the
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migration represented in FIG. 4 by state transition
407. Kernel 31 then allocates the requested amount
of uncommitted local memory 45 to the new process,
in a conventional manner, and decrements entry 202
of its tunable structure 51 to reflect this fact, at step
653.

This allocation migrates the aliocated memory
from uncommitted local mamory 45 to committed lo-
cal memory 46, This migration is represented in FIG.
4 by state transition 408, The net result of the EXEC
on memory 22 of processor 11 thus is the migration
of the required amount of memory from global mem-
ory 42 to committed local memory 46. This net migra-
tion is indicated in FIG, 4 by state pseudo-tranaition
409, which represents the net effect of state transi-
tions 407 and 408.

Kernel 31 otherwise completaes the EXEC, a step
855, in a conventional manner. Activities performed
by kernel 31 at step 655 include those described for
stap 525. This being done, kernel 31 unblocks local-

- to-global memory transfers, at step 656, by decre-

menting counting semaphore 52. Involvement of ker-
nel 31 in the EXEC is thus snded, at step 657.

FIG. 7 shows the system response to a system
cali by a process for dynamic allocation of memory.
For purposes of this invention, this response Is the
same for the BRK, SBRK, and SHMCTL allocation
calls. Since these calls comprise a request by a proc-
ess assigned to and executing on a particular proces-
sor 10-12 for more memory on that one processor, no
process-to-processor assignment is involved thersin.

Assume that the call occurs on processor 11. In
response to the allocation call, at step 700, kernel 31
of processor 11 determines the amount of memory
being called for by the calling process, at step 701.
Typically, the call will directly specify the required
memory amount. Kernei 31 then examines LOCAL
CT. entry 202 to determine whether uncommitted lo-
cal memory 45 includes an amount of memory sult-
able to satisfy the call. Suitability may be determined
on the basis of any desirable criteria, such as suffi-
ciency of available memory. Nlustratively, kernel 31

. then compares the required amount against entries

202 and 204 of tunable structure 201, at step 702, to
determine whether the required amount would reduce
uncommitted local memory 45 below.the MINLOCAL
amount,

If so, kernel 31 compares the required amount
against entry 205 of tunable structure 201 to deter-
mine whather the required amount exceeds the MIN-
GTOL amount, at step 703. If the required amount
does not axcesad the MINGTOL amount, kernel 31 re-
quests process manager 30 to transfer the MINGTOL
amount of global memory 42 to local memory 41, at
stop 704. If the required amount does exceed the
MINGTOL amount, kernel 31 raquests process man-
ager 30 to transfer the required amount of global
memory 42 to local memory 41, at step 705. lllustra-
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tively, kernel 31 makss the request by causing a
packet to that effect to be sent from processor 11 to
processor 10 via bus 15. Kernel 31 then awalts re-
sponss to the global-to-local transfer request from
process manager 30, at step 706. Once again, the
communication between processor 11 and processor
10 is kernel synchronous.

. Process managser 30 responds to raceipt of the
global-to-local transfer requests, at step 1100, by ex-
amining antry 212 of global structure 50 that corre-
sponds to adjunct processor 11 to determine whether
there is suffictent memory avaliable in global memory
42 of adjunct processor 11 to satisfy the transfer re-
quest, at step 1101.

If process manager 30 determines at step 1101
that the requested amount of memory exceeds the
amount of global memery 42, it decrements entry 212
of global structure 50 to zero, at step 1102, thereby
inittating migration of all available global memory 42
of processor 11 to uncommitted local memory 45 of
processor 11. This migration is represented in FiG. 4
by state transition 404,

if process manager 30 determines at step 1101
that the requested amount of memory does not ex-
ceed the amount of global memory 42, it decrements
entry 212 of global structure 50 by the amount of re-
quested mamory, at step 1103, thereby initiating mi-
gration of that amount of global memory 42 of proc-
essor 11 to local memory 41 of processor 11. This mi-
gration is likewise represented in FiG. 4 by state tran-
sition 404,

Following decrementing of global memory 42 at
step 1102 or 1103, process manager 30 notifies ad-
junct processor 11 of how much global memory 42 is
being transferred to local memory 41, at step 1104,
Process manager 30 illustratively does so by causing
a packet carrying the information to be tranamitted
from processor 10 to processor 11 via bus 15. Involve-
ment of process manager 30 in the global-to-local
memory transfer thus ends, at step 1105.

Kernel 31 of processor 11 responds to receipt of
the notice of result of the transfer request, atstep 710,
by transferring the indicated amount of memory from
global memory 42 to uncommitted local memory 45,
at step 711, to complsete the migration represented in
FIG, 4 by state transition 404, Kernel 31 accomplish-
es the transfer in the manner described for step 522,

Next, kernel 31 compares entry 202 of tunable
structure 51 of processor 11 against the amount of
memory required by the calling process to determine
whether there is sufficient memory available in un-
committed local memory 45 to satisfy the require-
ment, at step 712.

If the required amount of memory exceeds the
amount of uncommitted local memory 45, kernel 31
fails the allocation call, at step 716, in a conventional
manner. Kernel 31 then ends its response to the
memory allocation ¢all, at step 717.
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If the required amount of memory does not ex-
ceed the amount of uncommitted local memory 45 at
step 712, kernel 31 allocates the requested amount
of uncommitted local memory 45 to the process, in a
conventional manner, and decrements entry 202 of
its tunable structure 51 to raflect this fact, at step 713.
This allocation migrates the allocated memory from
uncommitted local memory 45 to committed focal
memory 46. This migration is represented in FiG. 4 by
state transition 405,

Kernel 31 completes the BRK, SBRK, or
SHMCTL call, at step 715, In a conventional manner,
Involvement of kernel 31 in allocating memory to the
calling process thus ends, at step 717.

if it is determined at step 702 that the required
amount of memory would not reduce uncommitted lo-
cal memory 45 balow the MINLOCAL amount, kernel
31 proceeds to step 713 to perform the activities de-
scribed above for steps 713, 715, and 717.

FIG. 8 shows the system response to & system

: call by a process for the dynamic deallocation of

memory, or to an EXIT primitive call, and to an
EXECLNUP call. For purposes of this invention, this
response is the samse for the BRK, SBRK, SHMCTL,
EXIT, and EXECLNUP calls. Since these calls com-
prise a raquest concerning a process assigned to a
particular processor 10-12 to release some or all of
the memory allocated to the process on that one proc-
8s80r, no process-to-processor assignment is in-
volved therein,

Assume that the call occurs on processor 11. In
response to the call, at step 800, kernel 31 of proces-
sor 11 determines the amount of memory being re-
leased, at step 801. Typically, 2 deallocation call will
directly specify the amount of memory being re-
leased by the process. And in response to an EXIT or
an EXECLNUP call, the kernel 31 is able to determine
the amount of memory allocated to a process from in-
formation that it stores about that process and every
other process assigned to processor 11. Kernet 31
then deallocates the released amount of committed
local memory 48, in a conventional manner, and in-
crements entry 202 of its tunable structure 51 to re-
flect this fact, at step 802. The deallocation migrates
the released memory from committed local memory
46 to uncommitted local memory 45. This migration
is represented in FIG. 4 by state transition 4086.

Kernesl 31 completes the BRK, SBRK, SHMCTL,
EXIT, or EXECLNUP call, at step 805, in a convention-
al manner. Kernel 31 then performs the local-to-glo-
bal transfer function of FiG. 9, at step 804, in order to
transfer excess uncommitted local memory 45 to glo-
bal memory 42. Kernel 31 otherwise completes the
call, at step 805, in a conventional manner, and ends
its involvement in the deallocation, at step 806.

FIG. 9 shows the local-to-global A(L-to-G) mem-
ory transfer function that is performed on each proc-
essor 11-12 periodically -- illustratively once every
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second -- or as part of a FORK or a dealiccation call
(see step 506 of FIG. 5 and step 804 of FIG. 8). The

purpose of this function is to transfer excess uncom-
mitted local memory 45 to global memory 42,

Assume that the L-to-G transfer function is being
parformed on processor 11. Upon commencing the
fynction, at step 900, kernsl 31 of processor 11
checks the value of counting semaphore 52 to deter-
mine whether local-to-global transfers are blocked, at
step 901. If the value of semaphore 52 is not zero, it
Indicates that transfers are blocked, for example be-
cause a FORK or an EXEC call is in progress (see
step 521 of FIG. 5 and step 651 of FIG. 6). Kernel 31
therefore ends the function, at step 903.

If the value of semaphore 52 is found to be zero
at step 901, indicating that local-to-global transfers
are not blocked, kernel 31 compares entry 202 of is
tunable structure 51 with entry 206 to determine
whether the size of uncommitted local memory 45 ex-
ceeds the MAXLOCAL size, at step 902, If the size of
memory 45 is below the specified maximum, kernel
31 again ends the function of FIG. 9 without perform-
ing any transfers, at step 903.

If the size of memory 45 is found to exceed the
specifiad maximum at step 902, kernel 31 checks en-
tries 202, 208, and 207 of tunable structure 51
against each other to determine whether reducing
size of uncommitted local memory 45 by the MIN-
1. TOG amount would bring it below the specified max-
Iérmm, at step 904. If 30, kernel 31 requests process
manager 30 to transfer the MINLTOG amount of un-
committed local memory 45 to global memory 42, at
step 905, if not, kernel 31 requests process manager
30 to transfer from uncommitted local memory 45 to
global memory 42 that amount which will reduce the
size of memory 45 to the specified maximum, at step
906. Kernel 31 illustratively places the request to
memory manager 30 by means of causing a packet
having information to that effect to be sent from proc-
essor 11 to processor 10 over bus 15. Following plac-
ing of the request with memory manager 30, kernel 31
awaits response therefrom, at step 807. Once again,
the communication betwesn processor 11 and proc-
essor 10 is kernel synchronous,

In rasponse to receipt of the request, at step 910,
process manager 30 increments entry 212 of global
structure 50 by the amount spacified in the request,
at step 911, thereby initiating migration of memory
from state 401 of FIG. 4 to state 400, represented by
state transition 403. Procass manager 30 then noti-
fies kernel 31 of processor 11 of this result, at step
912, ilustratively by sending an acknowledging pack-
et to processor 11 over bus 15. Involvement of proc-
o33 manager 30 in the transfer then ends, at step 913.

In response to receiving from process manager
30 notice of the result of the request, at step 920, ker-
nel 31 of processor 11 transfers the indicated amount
of memory from uncommitted local memory 45 to glo-
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bal memory 42, at step 921, thereby completing the
migration represented in FIG. 4 by state transition
403. Kernel 31 accomplishes the transfer by incre-
menting entry 201 of its tunable structure 51 by the
indicated amount of memory, and decrementing en-
try 202 by the same amount. The lccal-to-global
transfer then ends, at step 922, '

Of courss, it should be understood that various
changes and modifications to the illustrative embodi-
ment described above will be apparent to those skil-
led in the art. For example, a global-to-local memory
transfer may be performed periodically to maintain
the size of uncommitted local memory 45 at or above
a pradetsrmined minimum. '

Claims

1. Multiprocessor apparatus having & bus connect-
ing a piurality of processors (11-12) for executing
processas that are assigned to the processors,
each processor having lts own non-shared mem-
ory (22)

CHARACTERIZED BY

each of the mamories being fogically div-
ided into & first global portion (42) and a second
local portion (41);

first control means (30) for allocating to in-
dividual ones of the processes an initially-re-
quired amount of memaory from said first memory
portion In the processor to which the individual
one of the processes is assigned; and

a plurality of second control means (31), a
different one associated with each processor,
each for allocating memory included in the sec-
ond memery portion of the associated processor
to processes assigned to said associated proces-
sor;

the first control means cooperating with
the second control means of any processor to
transfer memory as needed between the first
and second memory portion associated with the
second control means.

2. The apparatus or claim 1
CHARACTERIZED IN THAT
the first control means is for assigning
{611) processes to the processors.

3. The apparatus of claim 1

CHARACTERIZED IN THAT

the first contral means comprises

means (610-614, 630-632) for assigning
processes to the processors and further for
transferring memory included in the first memory
portion to the second merory portion for each
assigned process, both portiens being of the
processor to which the process is assigned; and
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each of the second control means com-
prises

means (650-657) for allocating memory
included in the second memory portion to proc-
e9ses assigned to the associated processor.

The apparatus of claim 1

CHARACTERIZED IN THAT

the first control means and the second
control means of any processor cooperate to
transfer (FIGS. 7, 9) memory between the first
memory portion and the second memory portion
of the processor associated with the second con-
trol means, on the basis of amount of memory in-
cludsd in the second portion and unatiocated to
the processes.

The apparatus of claim 1

CHARACTERIZED IN THAT

each second control means Is further for
dealiocating (800-806) allocated memory from
processes to the second memory portion of the
associated processor; and

the first control means and the second
control means of any processor cooperate to
transfer (FIG. 9) memory from the second mem-
ory portion to the first memory portion, both por-
tions being of the processor associated with the
cooperating second control means, when an
amount of unallocated memory in the second
memory portion exceeds a predstermined maxi-
mum, and further transfer (FIG. 7) memory from
the first memory portion to the second memory
portion whan an amount of unallocated memory
in the second memory portion Is exceaded by a
predetermined minimum.

The apparatus of claim 1

CHARACTERIZED IN THAY

each memory Is logically divided into a glo-
bal, centrally-managed, memory portion (42), a
local, locally-managed, memory portion unallo-
cated to processes (45), and a local, locally-man-
aged, memory portion allocated to processes
(46);

the first control means is for assigning
(6811} processes to the processors and further for
transferring (612-614, 630-832), for each as-
signed process, memory included in the global
memory portion to the unallocated local memeory
portion of the processor to which the process is
assigned; and

the second control means are each for
transferring (650-857) memory from the unallo-
cated local memory portion fo the allecated local
memory portion of the associated processor, to
allocate the transferrad memory to processes as-
signed to the associated processor, and further
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for transferring (FIG. 8) memcry from the allocat-
ed local memory portion to the unallocated local
memory portion of the associated processor, to
dealiocate the transferred memory from process-
es assigned to the associated processor,

the first control means and the second
control means cooperating (FIGS. 5-9) to trans-
fer memory between the global memory portion
and the unallocated local memory portion, both
memory portions being of the processor associ-
ated with the second control means, in response
to occurrence of predetermined conditions,

The apparatus of claim 6

CHARACTERIZED IN THAT

each sacond control means comprises

its own second table means including a
first entry (201) for storing an indication of an
amount of memory included in the global memory
portion of the assoclated processor and a second
entry (202) for storing an indication of an amount
of memory included in the unallocated local mem-
ory portion of the associated processor, and

operating system kernei means (31), re-
sponsive to a call for duplication of a process as-
signed to the processor associated with the sec-
ond control means, for examining (500-502) the
first entry of the second table means to deter-
mine whether the global memory portion includes
an amount of memory required by the duplicated
process, and for requesting (503-504) the first
control means to allow the duplication if the glo-
bal memory portion includes the required amount
of memory;

the first control means comprises

first table means Including a plurality of
entries {212-213) each associated with a differ-
ent one of the plurality of processors and for stor-
ing an indication of an amount of memory includ-
ed in the global memory portion of the associated
processor, and

operating system process managing
means (30}, responsive to the request to allow
the duplication, for axamining {510, 511) the first
table means’ entry associated with the processor
of the requesting second control means to deter-
mine whather the global memory portion of the
processor includes the required amount of mem-
ory, and for both (a) decrementing (512-513) the
processor's associated entry in the first table
means by the required amount to initiate transfer
of the requirad amount of memaory from the giobal
memory portion to the unallocated local memory
portion of the processor and (b) notifying (514)
the second control means of a grant of the re-
quest for duplication, if the global memory por-
tion includes the required amount of memory;
and
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the kernel means of the requesting second
control means further responsive to the notice of
the grant, for both (a) incrementing (520-522) the
second entry and decrementing the first entry of
the second table means by the required amount
to complete transfer of the required amount of
memory from the global memory portion to the
unallocated local memory portion, and (b) decre-
menting (523-527) the second entry of the sec-
ond table means by the required amount to trans-
fer the required amount of memory from the un-
allocated local memory portlon to the allocated
local memory portion for allocation to the dupli-
cated process.

The apparatus of claim 8

CHARACTERIZED IN THAT

the first control means comprises

firat table means including a plurality of
entries (212-213) each associated with a differ-
ent one of the plurality of processors and for stor-
ing an Indication of an amount of memory in the
global memory portion of the associated proces-
sor, and

operating system process managing
means (30), responsive to a call from a calling
processor for transformation of a process, for se-
lecting (610-611) a processor for assignment to
the transformed process, the selected processor
being of the plurality of processors and having a
global memory portion that includes an amount of
memory required by the transformed process,
and for both (a) decramenting (612) the first table
means’ entry associated with the selected proc-
essor by the required amount to initiate transfer
of the required amount of memory from the global
memary portion to the unaliocated locel memory
portion of the selected processor and (b) notify-
ing (813-614) the calling processor of the selec-
tion; and

each second control means comprises

its own second table means including a
first sntry (201) for storing an indication of an
amount of memory In the global memory portion
of the asscciated processor and a second entry
(202) for storing an indication of an amount of
memory in the unallocated local memory portion
of the associated processor, and

operating system kernel means (31), re-
sponsive to notice from the calling processor of
selection of the associated processor, for both (a)
incrementing (650-652) the second entry and
decrementing the first entry of the second table
means by the requirad amount to complete trans-
fer of the required amount of memory from the
global memory portion to the unallocated local
memory portion, and (b) decrementing (653-657)
the second entry of the second table means by
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the required amount to transfer the required
amount of memory from the unallocated [ocal
memory portion to the allocated local memory
portion for allocation to the transformed process.

The apparatus of claim 6

CHARACTERIZED IN THAT

each second control means comprises

its own second table means (FIG. 3) in-
ciuding a first entry (201) for storing an indication
of an amount of memory in the global memory
portion and a second sntry (202) for storing anin-
dication of an amount of memory in the unallocat-
ed lacal memory portion, both memory portlons
being of the associated processor, and

operating system kernel means (31), re-
sponsive to a call for allocation of a first amount
of memory to a process assigned to the associ-
ated processor, for examining (700-702) the sec-
ond entry of the second table means to determine
whether the unallocated local memory portion in-
cludes an amount of memory suitable to satisfy
the call, for requesting (703-706) the first control
means to transfer a second amount of memory
from the global memory portion to the local mem-
ory portion if the unailocated local memory por-
tion does not include a suitable amount of mem-
ory, and for decrementing (713-717) the second
entry of the second table means by the first
amount to transfer the first amount of memory
from the unallocated local memory portion to the
allocated local memory portion for allocation to
the calling process, If the unallocated local mem-
ory portion includes a suitable amount of mem-
ory; and

the first control means comprises

firat table means (FiG. 2) including a plur-
ality of entries (212-213) each associated with a
different one of the plurality of processors and for
storing an indication of an amount of memory in
the globa! memory portion of the associated
processor, and ,

operating system process manager
means (30), responsive to the transfer request,
for decrementing (1100-1103) the first table
means’ entry associated with the processor of
the requesting second control' means by the
smaller of the second amount and the full amount
of memory in the global memory portion of the as-
sociated processor to initiate transfer of that
smaller amount of memory from the global mem-
ory portion to the unailocated local memory por-
tion, and notifying {1104-1105) the requesting
second control means of the result;

the kernel means of the requesting second
control means further responsive to the notice for
both incrementing (710-711) the second entry
and decrementing the first entry of the second ta-
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ble means by the amount being transferred to
complete transfer of that amount of memory from
the global memory portion to the unallocated lo-
cal memory portion, for examining (712) the sec-
ond entry of the second table means to determine
whather the unallocated local memory portion In-
cludes ths first amount of memory, and for dec-
rementing (712-717) the second entry by the first
amount to transfer the first amount of memory
from the unallocated local memory portion to the
allocated local memory portion for allocation to
the calling process If the unsallocated local mem-
ory portion includss the first amount of memory.

The apparatus of claim 8

CHARACTERIZED IN THAT

esach second control means comprises

its own second table means (FIG. 3) in-
cluding a first entry (201) for storing an indication
of an amount of memory in the global memory
portion of the associated processor, and a sec-
ond entry (202) for storing an indication of
amount of memory in the unallocated jocal mem-
ory portion of the associated processor, and

operating system kernel means (31), re-
sponsive to a call for deallocation from a process
assigned to the associated praocessor of a flrst
amount of memory allocated thereto, for incre-
menting (800-802) the second entry of the sec-
ond table maans by the first amount to transfer
the firat amount of memory from the allocated lo-
cal memory portion to the unaliocated local mem-
ory portion to deallocate the first amount of mem-
ory from the pracess, thereafter for examining
(804, 900-903) the second entry of the second ta-
bls means to determine whesther the unaflocated
jocal memory portion includes an amount of
memory in excess of a predetermined amount,
and for requesting (304, 907) the first control
means to transfer a second amount of memory
from the iocal memory portion to the giobal mem-
ory portion if the unallocated local memory por-
tion exceeds the predetermined amount of mem-
ory; and

the first coptrol means comprises

firat table means including a plurality of
entries (212-213) each associated with a differ-
ent one of the plurality of processors and for stor-
ing an indication of an amount of memory in the
gichal memory portion of the associated proces-
sor, and

operating system process managing
means (30), responsive to the transfer request,
for incrementing (910-911) the first table
means' antry associated with the processor of
the requesting second control means by the sec-
ond amount to initiate transfer of that amount of
memory from the unallocated local memory por-
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tion to the glohal memory portion and notifying
{912-913) thereof the requesting second control
means;

the kernel means of the requesting second
control means (920-922) further responsive to
the notice, for both decrementing the second en-
try and incrementing the first entry of the second
table means by the second amount to compiete
tranafer of that amaunt of memory from the unal-
located local memory portion to the global mem-
ory portion.

A method of allocating memory to processes in a
system (FIG. 1) having a bus connecting a plur-
ality of processors {11-12) for executing process-
es that are assigned thersto, each processor hav-
ing its own non-shared memory (22)

CHARACTERIZED BY the steps of

requesting (503; 602) a first control ar-
rangement (30) to allocate to a process an initial-
ly-required amount of memory from a first global
memory portion (42) of the memory of the one of
said processors to which said process is as-
signed; .

requesting (700; 800) a second control ar-
rangement (31), dedicated to said processor to
which said process is assigned, to allocate a re-
quired amount of memory from a sscond local
memory portion (41) of its memory to said proc-
asy; and ‘

the first and second control arrangements
cooperatively transferring memery as needed
between the flrst and second memeory portion of
said processor (704-706, 710-711, 1100-1105,
FiG. 9).

The method of claim 11

CHARACTERIZED IN THAT

the step of allocating the first amount of
memory comprises the steps of

the first control arrangement assigning
{611) the process to a first processor having at
least the first amount of memory in the firstmem-
ory portion,

the first control arrangement transferring
{612-632) the first amount of memory from the
first memory portion to the second memory por-
tion of the first processor, and

in response to the assignment, the second
control arrangement dedicated to the first proc-
essor allocating (650-68567) to the process the first
amount of memory from the second memory por-
tion of the first processor, and

the step of requesting a second control ar-
rangement to allocate a second amount of mem-
ory comprises the step of

requesting (700) the second control ar-
rangement dedicated to the first processor to al-



25 EP 0273612 B1

locats to the process a second amount of mem-
ory, or

requesting {800) the second control ar-
rangemsnt to deallocate & third amount of mem-
ory allocated to a process which Is assigned to
the first processor; and

the step of the second control arrange-
ment allocating memory comprises the steps of

in response to the allocation request, the
second control arrangement allocating (701-717)
to the process the second amount of memory
from the sacond memory portion of the first proc-
essor, and

in response to the deallocation request,
the second control arrangement deallocating
{801-806) the third amount of memory from the
process to tha second memory portion of the first
processor.

Patentanspriiche

1.

Mehrprozessoreinrichtung mit einem sine Mehr-
zahl von Prozessoren (11-12) verbindenden Bus
zur Ausfilhrung von den Prozessoren zugewlese-
nen Prozessen, wobei jader Prozessor seinen ei-
genen nicht gemeinsam benutzten Speicher (22)
aufwelst,

gekennzeichnet dadurch,

daBl jeder der Speicher logisch in einen ersten
Globaitell (42) und einen zweiten Lokaltell (41)
eingeteilt ist;

durch erste Steuermittel (30} zum Zuweisen zu
einzeinen der Prozesse eines anfinglich erfor-
derlichen Speicherumfangs aus dem besagten
ersten Speicherteil im Prozessor, dem der einzel-
ne der Prozesss zugewiesen wird; und

aine Mehrzahl von zwelten Steuermitteln (31),
van denen jewails ein anderes mit jsdem Prozes-
sor verbunden iat, jeweils zur Zuwelsung von im
zweiten Speicherteil des zugehdrigen Prozes-
sors enthaltenem Speicherraum zu dem besag-
tent zugshdrigen Prozessor zugewiesenen Pro-
zessen;

wobei dis ersten Steuermittel mit den zwelten
Steuermitteln jedes Prozessors zusammenwir-
ken, um nach Bedarf Speicherraum zwischen
den ersten und zweiten mit dem zweiten Steuer-
mittel verbundenen Speicherteilen zu (bertra-
gen.

Elnrichtung nach Anspruch 1,

dadurch gekennzeichnet,

daf} das erste Steusrmittel fiir die Zuweisung
(611) von Prozessen zu den Prozessoren be-
stimmt ist.

Einrichtung nach Anspruch 1,
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dadurch gekennzeichnet,

daf das erste Steuermittel folgendes umfafit:
Mittel (610-814, 630-632) zum Zuweisen von
Prozessen zu den Prozessoren und weiterhin
zum Ubertragen von im ersten Speicherteil snt-
haltenem Speicherraum zum zweiten Speicher-
teil fir jeden zugewiesenen Prozel, wobei beide
Teile zu dem Prozessor gehiren, dem der Prozef
zugewiesen Ist; und

jedes der zwelten Steuermittel

Mittel (650-657) zum Zuwelsen von im zweiten
Speicherteil snthaltenan Speicherraum zu dem
zugehdrigen Prozessor zugewiesenen Prozes-
sen umfait.

Einrichtung nach Anspruch 1,

dadurch gekennzeichnet,

daf die ersten Steuermittel und die zweiten Steu-
ermittel jedes Prozessors zusammenwirken, um
Speicherraum zwischen dem ersten Speicherteil
und dem zweitan Speichertsil des mit dem zwei-
ten Steuermittel verbundenen Prozessors zu
ibertragen (Figuren 7, 8), auf Grundiage des im
zweiten Teil enthaltenen und den Prozessen
nicht zugewlesenen Speicherumfangs.

Einrichtung nach Anspruch 1,

dadurch gekennzeichnet,

dafl jedes zweite Steusrmittel weiterhin fir die
Freigabe (800-808) von zugewiesenem Spei-
cherraum von Prozessen zum zweiten Speicher-
teil des zugehdrigen Prozessors bestimmt ist;
und

die aersten Steuermittel und die zweiten Steuer-
mittel jedes Prozessors zusammenwirken, um
Speicharraum vom zwelten Speicherteil zum er-
sten Speicherteil zu Gbertragen (Figur 9), wobel
beide Teile zu dem mit den zusammenwirkenden
zwelten Steuermittein verbundenen Prozessor
gehdren, wenn ein Umfang nicht zugewiesenen
Speicherraums im zwaeiten Speicherteil einen
vorbestimmten Hd&chstwert iiberschreitet, und
weiterhin um Speicherraum vom ersten Spei-
cherteil zum zweiten Speicherteil zu Gbertragen
(Figur 7), wenn ein Umfang von nicht zugewiese-
nem Speicherraum im zweiten Speicherteil um
einen vorbestimmten Mindestwert Gberschritten
wird.

Vorrichtung nach Anspruch 1,

dadurch gekennzeichnet,

dal jeder Speicher logisch in einen globalen,
zentral verwalteten Speicherteli (42), sinen loka-
len, &rttich verwaiteten Speicherteil (45), der kel-
nen Prozessen zugewlesen ist, und einen loka-
len, &rtlich verwalteten Speichertsil (46), der Pro-
zessen zugowlesen ist, eingeteilt ist;

das erste Steuermittel fiir die Zuweisung (611)
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von Prozessen zu den Prozessoren und weiter-
hin zur Ubertragung (812-614, 630-6832) fiir jeden
zugewlesenen Prozef von im globalen Speicher-
teil enthaltenen Speicherraum zum nicht zuge-
wiegsenen lokalen Speicherteil des Prozessors,
dem der Prozefl zugewissen ist, bestimmt Ist;
und

die zweiten Steuermittel jeweils zur Ubertragung
(650-6857) von Speicherraum vom nicht zugewie-
senen lokalen Speicherteil zum zugewlesensn
lokalen Speicherteil des zugehdrigen Prozessors
zur Zuweisung des libertragenen Speicherraums
zu dem zugehdrigen Prozessor zugewiesenen
Prozessen und welterhin zur Ubertragung (Figur
8) von Spelcherraum vom zugewiesanen lokalen
Speicherteil zum nlcht zugewiesenen lokalen
Speicherteil des zugehdrigen Prozessors zur
Freigabs des iibertragenen Speicherraums von
dem zugshérigen Prozessor zugewissenen Pro-
zessen bastimmt sind;

wobei die ersten Steuermittel und die zweiten
Steusrmittel zusammenwirken (Figuren 5-3), um
Speicherraum zwischen dem globalen Speicher-
tell und dem nicht zugewiesenen lokalen Spei-
cherteil zu Ubertragen, wobei beide Speicherteile
zu dem mit den zweiten Steuerrittein verbunde-
nen Prozessor gehéren, als Reaktion auf das
Auftreten von vorbestimmiten Zustianden.

Einrichtung nach Anspruch 6,

dadurch gekennzeichnet,

daf jedes zweite Steuermittal folgendes umfalit
sein eigenes zweites Tabellenmittel einschiieR-
lich esines ersten Eintrags (201) zum Speichern
einer Anzeige eines im globalen Speicherteil des
zugehdrigen Prozessors enthaltenen Speicher-
umfangs und eines zweiten Eintrags (202) zum
Speichern siner Anzeige eines im nicht zugewle-
sensn lokalen Speaicherteil des zugehdrigen Pro-
zessors enthaltenen Spelcherumfangs, und

auf einen Aufruf zur Duplizlerung eines dem mit
dem zweiten Steuermittel verbundenen Prozes-
sors zugewiesensn Prozesses reagierends Be-
trisbssystemkernmittel (31) zum Untersuchen
(500-502) des ersten Eintrags des zweiten Tabel-
lenmittels zur Bestimmung, ob der globale Spei-
cherteil ainen vom duplizierten Prozefl bendtig-
ten Speicherumfang enthait und zum Anfordern
{503-504), daf\ das erste Steuermittel die Dupli-
Zlerung zulalt, wenn der globale Speicherteil
den bendtigten Speicherumfang enthlt;

das erste Steuermittel folgendes umfafit;

erste Tabelienmittal einschlieBlich einer Mehr-
zahl von jeweils mit einem andersn der Mehrzahl
von Prozessoren verbundsenen Eintrégen (212-
213) zum Speichern einer Anzeige eines im glo-
balen Speicherteil des zugehdrigen Prozessors
enthaltenen Speicherumfangs, und
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auf die Anforderung zum Zulassen der Duplizie-
rung reagierende Betriebssystemprozelverwal-
tungsmittel (30) zum Untersuchen (510, 511} des
mit dem Prozessor des anfordernden zwaeiten
Steuermittels verbundenen Eintrags im ersten
Tabellenmittef zur Bestimmung, ob der globale
Speicherteil des Prozessors den benbtigten
Speicherumfang snthéit, und zum sowohi (a) Er-
nledrigen (512-513) des mit dem Prozessor ver-
bundenen Eintrags im ersten Tabelienmittel um
die erforderliche Gr3Re zur Einleitung der Uber-
tragung des erforderlichen Speicherumfangs
vom globalen Speicherteil zum nicht zugewlese-
nen Speichartell des Prozessors als auch (b) Be-
nachrichtigan (514) des zwelten Steusrmittels
von der Gewdhrung der Anforderung nach Dupli-
zlerung, wenn der globale Speicherteil den bend-
tigten Speicherumfang enthalt; und

das Kernmittel des anfordernden zweiten Steu-
aemmnittels welterhin auf die Gewahrungsbenach-
richtigung reagiert, um sowohi (a) den zweiten
Eintrag um die bendtigte Grée zu erhdhen (520-
522) und den ersten Eintrag im zweiten Tabellen-
mittel um die bendtigte Groke zu erniedrigen, um
die Ubertragung des bendtigten Speicherum-
fangs vom globalen Speicherteil zum nicht zuge-
wiesenen |okalen Speicherteil zu vollenden, als
auch {b) den zweltan Eintrag im zwelten Tabel-
lenmittel um die bendtigte Gréfe zu erniedrigen
(523-527), um den bendtigten Speicherumfang
zur Zuweisung zum duplizierten Prozefl vom
nicht zugewiesenen Ickalen Speicherteil zum zu-
gewiesenen lokalen Speicherteil zu ibertragen.

Einrichtung nach Anspruch 6,

dadurch gekennzeichnet,

daR das arste Steuermittel folgendes umfafit:
erste Tabellenmittel einschlieBlich einer Mehr-
zahl von jewsils mit sinem anderan der Mehrzahl
von Prozessoren verbundenen Eintridgen (212-
213) zum Speichern einer Anzeige eines Spei-
cherumfangs im globalen Speichertell des zuge-
hérigen Prozessors, und :
auf einen Aufruf von einem aufrufenden Prozes-
sor zur Transformation eines Prozesses reagie-
rende BetriahssystemprozeRverwaltungsmittel
(30) zum Auswéhien (610-811} eines Prozessors
zur Zuweisung zum transformierten Proze, wo-
bei der ausgewdhite Prozessor zur Mehrzahl von
Prozessoren gehdrt und einen globalen Spei-
cherteil aufweist, der einen vom transformierten
Prozefl bendtigten Speicherurmfang enthélt, und
zum sowohl (a) Erniedrigen (612) des mit dem
ausgewdhlten Prozessor verbundenen Eintrags
im ersten Tabellenmittel um die erforderliche
GrbRe zur Einleitung der Ubertragung des erfor-
derlichen Speicherumfangs vom giobalen Spel-
cherteil zum nicht zugewiesenen lokalen Spei-
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cherteil des ausgewahiten Prozessors als auch
(b) Benachrichtigen (613-614) des aufrufenden
Prozessors von der Auswabhl; und

wobel jedes zweite Steuermiitel folgendes um-
fat:

sein eigenes zweites Tabellenmittel einschlief-
lich eines ersten Eintrags (201) zum Speichern
siner Anzeige eines Speicherumfangs im globa-
len Speicherteil des zugehdrigen Prozessors und
aines zweiten Eintrags (202) zurn Speichern ei-
ner Anzeige einss Speicherumfangs im nicht zu-
gewlesenen drtlichen Speicherteil des zugehdri-
gen Prozessors, und auf Benachrichtigung vom
aufrufenden Prozessor dber die Auswahl des zu-
gehdrigen Prozessors reagierende Betriebssy-
stemkernmitte! (31) zum sowohl (a) Erhbhen
(850-852) des zweltan Eintrags und Erniedrigen
des ersten Eintrags im zweiten Tabellenmittel um
die erforderliche Grife zur Vollendung der Uber-
tragung des bendtigten Speicherumfangs vom
globalen Speicherteil zum nicht zugewiesensn
lokalen Speichertsil, als auch (b) Erniedrigen
{653-857) des zweiten Eintrags im zweiten Tabel-
lenmittel um die bendtigte GréRe zur Ubertra-
gung des erforderlichen Speicherumfangs vom
nicht zugewiesenen lokalen Speicherteil zum zu-
gewiesenen lokalen Speichertell fir Zuweisung
zum transformierten ProzeR.

Einrichtung nach Anspruch 6,

dadurch gekennzeichnet,

daf jedes zweite Stauermittel folgendes umfaft:
sein sigenes zweltes Tabellenmittel (Figur 3) ein-
schlieflich eines srsten Eintrags (201) zum Spei-
chern einer Anzeige eines Spsicherumfangs im
glcbalen Speicherteil und eines zweiten Eintrags
{202) zum Speichern siner Anzeige sines Spei-
cherumfangs im nicht zugewiesenen lokalen
Speicherteil, wobaei beide Speicherteile zum zu-
gehdrigen Prozessor gshdren, und

auf einen Aufruf zur Zuweisung eines ersten
Speicherumfangs zu einem dem zugehdrigen
Prozessor zugewiesenen Prozel reagierende
Betriebssystemkernmittel (31) zum Untersuchen
{700-702) des zweiten Eintrags des zweiten Ta-
bellenmittels zur Bestimmung, ob der nicht zuge-
wiesens lokale Speicherteil einen zum Erfillen
des Aufrufs geeigneten Speicherumfang enthalt,
zum Anfordern {703-706), daf} das erste Steuer-
mittel sinen zwsiten Speicherumfang vom globa-
len Speicherteil zum lokalen Speicherteil (ber-
trigt, wenn der nicht zugewiesene lokale Spei-
cherteil nicht einen geeigneten Speicherumfang
anthilt, und zum Erniedrigen (713-717) des zwei-
ten Eintrags im zweiten Tabellenmittel um die er-
ste GriRe zur Ubertragung des ersten Speicher-
umfanga vom nicht zugewiesenen lokalen Spei-
chertell zum zugewiesenen lokalen Speicherteil

10

18

20

25

30

35

40

45

50

55

16

10,

EP 0 273 612 B1

30

zur Zuweisung zum aufrufenden Prozefl, wenn
der nicht zugewiesene lokale Speicherteil einen
geelgneten Speicherumfang enthélt; und

das erste Steuermittel folgendes umfait:

erste Tabellenmittel (Figur 2) einschlielich siner
Mehrzahl von jeweils mit einem anderen der
Mehrzahl von Prozessoren verbundenen Eintré-
gen (212-213) zum Speichern einer Anzeige ei-
nes Speicherumfangs im globalen Speicherteil
des ziigehdrigen Prozessors, und

auf die Ubertragungsanforderung reagierende
BetriebssystemprozeRverwaltermittel {30) zum
Ernjedrigen (1100-1103) des mit dem Prozessor
des anfragenden zweliten Steusrmittels verbun-
denen Eintrags des ersten Tabellenmittels um
den kielneren der zwelten Gréfe und des vollen
Speicherumfangs im globalen Speichertsil des
zugehdrigen Prozessors zur Einleitung der Uber-
tragung disses kleineren Speicherumfangs vom
globalen Speicherteil zum nicht zugewlesenen
lokalen Speichertell und Benachrichtigung
(1104-1105) des anfordernden zweiten Steuer-
mittels von dem Ergebnis;

das Kernmittel des anfordernden zweiten Steu-
ermittels weiterhin auf die Benachrichtigung so-
woht zur Erhdhung (710-711) des zweiten Ein-
trags als auch Erniedrigung des ersten Eintrags
im zweiten Tabellenmittel um die tbertragene
Gréhe reagiert, um die  Ubertragung  dieses
Speicherumfangs vom globalen Speicherteil zum
nicht zugewiesenen Speicherteil zu vollenden,
um den zweiten Eintrag des zweitan Tabellenmit-
tels zu untersuchen (712), um zu bestimmen, ob
der nicht zugewiesene lokale Speicherteil den er-
sten Speicherumfang enthéft, und zum Erniedri-
gen (712-717) des zweiten Eintrags um dle erste
GrdRe zur Ubertragung des ersten Speicherum-
fangs vom nicht zugewiesenen lokalen Speicher-
teil zum zugewiesenen lckalen Speicherteil zur
Zuweisung zum aufrufenden ProzeR, wenn der
nicht zugewiesene lokale Speichertell den ersten
Speicherumfang enthalt.

Einrichtung nach Anspruch 8,

dadurch gskennzeichnet,

dafl jedes zweite Steuermittel folgendes umfalit:
sein eigenes zweites Tabellanmittel (3} ein-
schlieBlich eines ersten Eintrags (201) zum Spei-
chern einer Anzeige eines Speicherumfangs im
globalen Speicherteil des zugehdrigen Prozes-
sors und einen zweiten Eintrag (202) zum Spei-
chern einer Anzeige des Speicherumfangs im
nicht zugewiesenen lckalen Speicherteil des zu-
gahdrigen Prozessors, und

auf ainen Aufruf zur Freigabe von sinem dem zu-
gehdrigen Prozessor Zugewiesenen ProzeR el-
nes diesem zugewiesenen ersten Speicherum-
fangs reaglerende Betriebssystemkernmittel
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(31) zum Erhdhen (800-802) des zweiten Ein-
trags im zwsiten Tabellenmitte! um die erste Gr&-
Re zur Ubertragung des ersten Speicherumfangs
vom zugewiessnen lokalen Speicherteil zum
nicht zZugewiesenen iokalen Speicherteil zur Frei-
gabe des ersten Speicherumfangs vom Prozel3,
danach zur Untsrsuchung (804, 900-903) des
Zweiten Eintrags im zweiten Tabellenmittel zur
Bestimmung, ob der nicht zugewiesene lokale
Speichertell einen sine vorbestimmte GroRe
iiberschreitenden Speicherumfang enthéit, und
zum Anfordern (904, 907), daR das erste Steuer-
mittel sinen zweiten Speicherumfang vom loka-
len Speichertell zum giobalen Speichertel| (ber-
trigt, wenn der nicht zugewiesene lokale Spai-
cherteil den vorbestimmten Speicherumfang
tiberschreitet; und

wobei das erste Steuermittel folgendes umfaiit:
erste Tabellenmittel einschiieflich einer Mehr-
zahl von jewsils mit elnem anderen der Mehrzahl
von Prozessoren verbundensn Eintrégen (212-
213) zum Speichern einer Anzelge eines Spei-
cherumfangs im globalen Speichertell des zuge-
hérigen Prozessors, und

auf die Ubertragungsanforderung reagierende
BetriebssystemprozeBverwaltungsmittel (30)
zum Erh&hen (210-911) des mit dem Prozessor
des anfordernden zweiten Steusrmittels verbun-
den Eintrags im ersten Tabellenmittel um die
zweite Grofe zur Einleitung der Ubertragung die-
ses Speicherumfangs vom nicht zugewiesenen
lokalen Speicherteil zum globalen Speicherteil
und Benachrichtigung (912-913) des anfordern-
den zweiten Steusrmittels dariber;

das Kernmittel des anfordernden zwaeiten Steu-
armittels (920-922) weiterhin sowohl zur Ernied-
rigung des zweiten Eintrags als auch ErhShung
des ersten Eintrags im zweliten Tabellenmittel um
die zwelte Grdle reagiert, um die Ubertragung
dieses Speicherumfangs vom nicht zugewlese-
nen lokalen Speicherteil zum globalen Speicher-
teil zu vollenden.

Verfahren zur Zuweisung von Speicherraum zu
einem ProzeR in einem System (Figur 1) mit siner
Mehrzahl von Prozessoren (11-12), die jeweils
ihren eigenen nicht gemeinsam genutzten lo-
gisch in einen ersten (42) und einen zweitan Teil
{51) eingeteilten Speicher (22) aufweisen,
gekennzeichnet durch folgende Schritte:
Anfordern (503; 602) einer ersten Steusranord-
nung (30) zum Zuweisen von in den ersten Spei-
cherteilen enthaltenen Speicherraum zu den Pro-
zessen zur Zuweisung eines ersten Speicherum-
fangs zu einem Prozef;

als Reaklion auf die Anforderung, Zuweisen
(510-527; 610-675) zum Proze® des ersten Spel-
cherumfangs von sinem ersten Speicherteil ei-
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nes ersten Prozessors durch dis erste Steueran-
ordnung;

Anfordern (700; 800), daft eine dem ersten Pro-
zessor fest zugeordnete zweite Steveranordnung
(31) zur Zuweisung von im zweiten Speichertsil
des ersten Prozessors enthaltenen Spelcher-
raum zu Prozessen dem ProzeR eine zwelten
Speicherumfang zuweist, '

als Resktion auf die Anforderung, Zuweisen
{701-717; 801-808) zum Prozel des zweiten
Speicherumfangs vom zweiten Speichertell des
ersten Prozessors durch die zweite Steusranord-
nung; und '

mitwirkendes Ubertragen von Speicherraum zwl-
schen dem eraten und zweiten Speichertell des
ersten Prozessors {704-708, 710-711, 1100-
1105, Figur 8) durch die erste und zwslte Steuer-
anordnung.

Verfahren nach Anspruch 11,

dadurch gekennzeichnet,

dalt der Schritt des Zuweisens des ersten Spei-
cherumfangs folgende Schritte umfaBit;
Zuweisen (611) des Prozesses zu einem ersten
Prozessor mit mindestens dem ersten Speicher-
umfang im ersten Spelicherteil durch die erste
Steueranordnung,

Ubertragen {612-632) des ersten Speicherum-
fangs vom ersten Speicherteil zum zweiten Spei-
cherteil des ersten Prozessors durch die erste
Steueranordnung, und )

als Reaktion auf dis Zuweisung, Zuweisen (650-
657) zum Prozefl des ersten Speicherumfangs
vom zweiten Speicherteil des ersten Prozessors
durch die dem ersten Prozessor fest zugeordnete
zweite Steueranordnung; und der Schritt des An-
forderns, daf eine zweite Steueranordnung ei-
nen zweiten Speicherumfang zuweist, folgenden
Schritt umfalt:

Anfordern (700) des Zuweisens eines zweiten
Speicherumfangs zum Prozel durch die dem er-
sten Prozeasor fest zugeordnete zwaeite Steuer-
anordnung, oder

Anfordern (800), daf die zweite Stesueranord-
nung einen einem dem ersten Prozessor zuge-
wiesenen ProzeR zugewiesenen dritten Spei-
cherumfang freigibt; und

der Schritt des Zuwelsens von Speicherraum
durch die zweite Steueranordnung foigende
Schritte umfafit:

als Reaktion auf die Zuordnungsanforderung, Zu-
weisen (701-717) zum Prozel} des zwelten Spei-
cherumfangs vom zweitan Speicherteil des er-
sten Prozessors durch die zweite Steueranord-
nung, und

als Reaktion auf die Frelgabeanforderung, Frei-
geben (B801-806) des dritten Speicherumfangs
vom Prozef} zum zweiten Speicherteil des ersten
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Prozessors durch die zweite Steueranordnung.

Revendications

1.

Appareil muitiprocesseur ayant un bus connec-
tant une pluralité de processeurs (11-12) pour
axécuter des procédés qui sont assignés aux pro-
cesseurs, chaque processeur ayant sa propre
mémoire non partagée (22}

CARACTERISE PAR

chacune des mémoires étant logiquement
divisée en une premiérs partie giobales {42) stune
seconde partie locale (41);

un premier moyen de commande (30) pour
assigner & des procédés individuels une quantité
initialement requise de mémoire de ladite premid-
re partie de mémoire dans le processeur auquel
le procédsé individusel est assigné; et

une pluralité de seconds moyens de
commande (31), un moyen différent étant asso-
cié 4 chaque processeur, chacun pour assigner
de la mémoire incluse dans la seconde partie de
mémoire du processeur associé & des procédés
assignés audit processeur associé;

le premier moyen de commande coopé-
rant avec te second moyen de commande de
n'importe quel processeur pour transférer de la
mémoire au fur et & mesure des besoins entre la
premiére partie de mémoirs et 1a seconde partie
de mémeire associée aux seconds moyens de
commande.

Appareil de |a revendication 1

CARACTERISE EN CE QUE

1e premier moyen de commande sert a as-
signer (811) des procédés aux processeurs.

Appareil de |a revendication 1

CARACTERISE EN CE QUE
le premier moysn de commande
comprend

un moyen (610-614, 630-632) pour assi-
gner des procédés aux processeurs et en outre
transférer de la mémoire incluse dans la premidre
partie de mémoire 4 ia seconde partie de mémoi-
re pour chaque procédé assigné, les deux parties
appartenant au processeur auguel [ procédsé est
assigné; et

chacun des seconds moyens de comman-
de comprend

un moyen (650-657) pour assigner de la
mémoire incluse dans la seconde partie de mé-
moire & des procédés assignés au processeur as-
socié.

4. Appareil de la revendication 1

CARACTERISE EN CE QUE
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{e premier moyen de commande at e se-
cond moyen de commande de ’importe quel pro-
cesseur cooparent pour transférer (figures 7,9)
de la mémoire entre la premidre partie de mémoi-
re etia seconde partie de mémoire du processeur
associé au second moyen de commande, en
fonction de la quantité de mémoire Incluse dans
la seconde partie st non assignée aux procédés.

Apparsil de la revendication 1

CARACTERISE EN CE QUE

chaque sacond moyen de commande sert
en outre & désassigner (800-8086) da la mémoire
assignée & des procédés 4 la seconde partie de
mémoire du processeur associé; et

ie premier moyen de commande et le se-
cond moyen de commande de n'importe quel pro-
cesseur coopérent pour transférer (figure 8) de la
mémoire depuis la seconde partie de mémoire
vers |a premiére partie de mémoire, les deux par-
ties appartenant au processeur associé au se-
cond moyen de commande coopérant, quand une
quantité de mémoire non assignéde dans la se-
conde partie de mémoire dépasse un maximum
prédéterminé, et en outre transférer {figure 7) de
la mémoire depuis la premiére partie de mémoire
vers la seconde partie de mémoire quand une
quantité de mémoire non assignée dans ia se-
conde partie de mémoire est dépassée par un mi-
nimum prédéterminé. :

Apparell de la revendication 1

CARACTERISE EN CE QUE

chaque mémoire est divisée logiquement
en une partie de mémoire globale, gérée centra-
lement (42), une partie de mémoire locale, gérée
localement, non assignée a des procédés (45), et
une partie de mémoire locale, gérée localement,
asgighée & des procédés (46);

le premier moyen de commande sert & as-
signer {611) des procédés aux processeurs et en
outre & transférer (612-614, 630-632), pour cha-
que procéds assigné, de la mémoire incluse dans
la partie de mémoire globale 3 la partie de mé-
moire locale non assignée du processeur auquel
18 procédé est assigné; et

les seconds moyens de commande ser-
vent chacun & transférer (650-657) de la mémoire
depuis la partie de mémoire locale non assignée
vers la partie de mémoire locale assignée du pro-
cesseur associé, de fagon & assigner la mémoire
transférée & des procédés assignés au proces-
seur associé, et en outre & transférer (figure 8) de
la mémoire depuis la partie de mémoire locale as-
signée vers la partis de mémoire locale non as-
signée du processeur associé, de fagon & désas-
signer la mémoire transférée depuis des procé-
dés assignés au processeur associé;
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le premier moyen de commanda st [es se-
conds moyens de commande coopérant (figures
5 4 9) pour transférer de la mémoire entre |a par-
tie de mémoire globale et la partie de mémoire lo-
cale non assignée, les deux parties de mémoire
appartenant au processeur associé au second
moyen de commands, en réponse & la présence
de conditions prédéterminées.

Appareil de la revendication 6

CARACTERISE EN CE QUE

chaque second moyen de commande
comprend

son propre second moyen de table
comportant une premiére entrée (201) pour mé-
moriser une indication d'une quantité de mémoire
incluse dans la partie de mémoire globale du pro-
cesseur associé et une seconde entrée (202)
pour mémoriser une indication d’'une quantité de
mémoire incluse dans la partie de mémoire locale
non assignée du processeur assoclé, et

un mayen de noyau de systéme d'exploi-
tation {31), sensible 4 un appel de reproduction
d'un procédé assigné au processeur associé au
second moyen de commande, pour examiner
(500-502) la premiére entrée du second moyen
de table afin de déterminer sl |a partie de mémoi-
re globale comporte ou non une quantité de mé-
moire requise par le procédé reproduit, et pour
demander (503-504) au premier moyen de
commande de permettre la reproduction sila par-
tie de mémoire globale comporte la quantité re-
quise de mémaire;

le premier moyen de
comprend

un premier moyen de table comportant
une pluralité d'entrées (212-213) assocldes cha-
cune & un processeur différent de la pluralité de
processeurs st servant & mémoriser une indica-
tion d'une quantitd de mémoire. incluse dans la
partis de mémoire globale du processeur asso-
cié, ot

un moyen de gestion de procédés de sys-
téme d'exploitation {30}, sensible & la demande
d'autorisation de reproduction, pour examiner
{510,511) I'entrée du premier moyen de table as-
sociée au processeur du second moyen de
commande demandeur de fagon & déterminer si
la partie de mémoire globale du processeur
comporte ou non la quantité requise de mémoire,
ot pour & la fois (a) décrémenter (512-513) Ven-
trée associée du processeur dans le premier
moyen de table par la quantité requise de fagon
& déclencher le transfert de la quantité requise de
mémoire depuis ia partie de mémoire globale
vers ia partie de mémoire locale non assignée du
processeur et (b) notifier (514) le second moyen
de commande d'un accord a la demande de re-
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production, si la partie de mémoire globale
comporte la quantité requise de mémoire; et

le moyen de noyau du second moyen de
commande demandeur étant en outre sensible &
Pavis de I'accord, pour a la fois (&) incrémenter
{520-522) la seconde entrée et décrémenter la
premiére entrée du second moyen de table par la
quantité requise de fagon a terminer ie transfart
de la quantité requise de mémoire depuis ia par-
tie de mémoire globale vers la partie de mémoire
focala non assignée, et (b) décrémenter (523-
527) la seconde entrée du second moyen de ta-
ble par la quantité requise pour transférer la
quantité requise de mémcire depuis la partls de
mémoaire locale non assignée vers la partie de
mémoire iocale assignée pour 'assignation au
procédé reproduit.

Appareil de la revendication &
CARACTERISE EN CE QUE
le premier moyen de

comprend
un premier moyen de table comportant

une pluralité d'entrées (212-213) associées cha-
cune a un processeur différent de la pluralité de
processeurs et servant 3 mémoriser une indlca-
tion d'une quantité de mémoire incluse dans la
partie de mémaire globale du processeur associé
ot

commande

un moyen de gestion de procédés de sys-
téme d'exploitation (30}, sensible & un appel d'un
processeur demandseur pour la transformation
d’'un procédsé, pour sélectionner (610-611) un
processeur pour 'assignation au procéde trans-
formé, le processeur sélectionné appartenant &
la pluralité de processeurs et ayant une partie de
mémoire globale qui comporte une quantité de
mémoire requise par le procédé transformé, et
pour 4 la fois {(a) décrémenter (612) 'entrée du
premier moyen de table associés au processeur
assoclé parla quantité requise de fagon & déclen-
cheria transfert de |a quantité requise de mémoi-
re depuls |a partie de mémoire globale vers la
partie de mémoire locale non assignée du pro-
cesseur sélactionné et (b) notifier (613-614) le
processeur demandeur de la sélection; et

chaque second moyen de commande
comprand

son propre second moyen de table
comportant une premidre entrée (201) pour mé-
moriser une indication d'une quantité de mémoire
incluse dans ta partie de mémoire globale du pro-
cesseur associé et une seconde entrée (202)
pour mémoriser une indication d’'une quantité de
mémoire dans la partie de mémoire locale non
assignée du processeur associé, et

un moyen de noyau de systdme d'exploi-
tation (31), sensible & un avis provenant du pro-
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cesseur demandeur de la sélection du proces-
seur agsocié, pour a la fois (a) incrémenter (850-
652} la seconde entrée et décrémenter {a premia-
re entrée du second moyan de table par la quan-
tité requise de fagon & terminer le transfert de la
quantité requise de mémoire depuis la partie de
mémolre globale vers la partie de mémoire locale
non assignée, et (b) décrémenter (853-657) la se-
conde entrée du second moyen de table par ia
quantité requise de fagon a transférer la quantité
requise de mémoire depuls la partie de mémoire
locale non agsignée vers la partie de mémoire lo-
cale assignée pour 'assignation au procédé
transforme.

Appareil de la revendication 6

CARACTERISE EN CE QUE

chaque second moyen de commande
comprend

son prapre second moyen ds table (figure
3) comportant une premiére entrée (201) pour
mémoriser une indication d'une guantité de mé-
moire dans la partie de mémoire globale et une
saconde entrée (202} pour mémoriser une indica-
tion d’'une quantité de mémoire dans la partie de
mémoire locale non assignés, les deux parties de
mémoire appartenant au processsur associé, et

un moyen de noyau de systame d'exploi-
tation (31), sensible & un appel d'assignation
d'une premiare guantité de mémoire & un procé-
dé assigné au proceaseur 8ssocié, pour exami-
ner (700-702) la seconde entrée du second
moyen de tabie afin de déterminer si la partie de
mémoire locale non assignée comporte ou non
une guantité de mémoire pouvant satisfaire |'ap-
pel, pour demander (703-706) au premier moyen
de commande de transférer une seconde quan-
tité de mémolre depuis la partie de mémoire glo-
bale vers la partie de mémoire locale si la partie
de mémoire tocale non assignée ne comporte
pas une quantité convenable de mémoire, et pour
décrémenter (713-717) la seconde entrée du se-
cond moyen de table par la premiére quantité
pour transférer la premiére quantité de mémoire
depuis la partie de mémoire locale non assignée
vers la partie de mémoire locale assignée pour
I'assignation au procédé demandeur, si la partie
de mémoire locale non assignés comporte une
quantité convenable de mémoire; et

le premier moyen de
comprend

un premier moyen de table (figure 2)
comportant une pluralité d'sntrées (212-213) as-
sociées chacuna & un processeur différent de la
pluralité de processeurs et servant & mémoriser
une indication d'une quantité de mémoire incluse
dans la partie de mémoire globale du processeur
associé, et
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un moyen de gestion de procédés de sys-
téme d'exploitation (30), sensible & la demande
de transfert, pour décrémenter (1100-1103} l'en-
trée du premier moyen de table .associé au pro-
cesseur du second moyen de commande deman-
deur par la plus petite de la seconde quantité et
de la quantité compléte de mémoire dans la par-
tle de mémoire globale du processeur associé de
fagon & déclencher le transfert de cette plus pe-
tite quantité de mémoire depuis la partie de mé-
moire globale vera la partie de mémoire jocale
non assignée du processeur et, notifier {1104-
1105) le second moyen de commande deman-
deur du résuitat; :

le moyen de noyau du second moyen de
commande demandeur étant en outre sensible &
I'avis pour & la fois incrémenter (710-711) la se-
conde entrée et décrémanter la premiére entrée
du second moyen de table par la quantité trans-
férde de fagon & terminer le transfert de cette
quantité de mémoire depuis la partie de mémoire
globals vers la partie de mémoire locale non as-
signée, pour examiner (712) la seconde enirée
du second moyen de tableau pour déterminer si
la partie de mémoire locale non assignée
comporte ou non la premiére quantité de mémal-
re, ot pour décrémenter (712-717) la seconde en-
trée par la premidre quantité pour transférer la
premidre quantité de mémoire depuis la partie de
mémoire locate non assignée vers la partle de
mémoire focale assignée pour I'assignation au
procédé demandeur sila partie de mémoire loca-
le non assignée comporte la premiére quantité de
mémoire.

Apparell de la revendication 6

CARACTERISE EN CE QUE

chaque second moyen de commande
comprend ‘

son propre second moyen de table (figure
3) comportant une premidre entrée (201) pour
mémoriser une indication d'une quantité de mé-
moire dans la partie de mémoire globale du pro-
cesseur associé, et une seconde entrée (202)
pour mémoriser une indication d'une quantité de
mémoire dans la partie de mémgire locale non
assignée du processeur associé, et

un moyen de noyau de systéme d'exploi-
tation (31), sensible & un appel de désassignation
d'un procédé assigné au processeur associé
d'une premiére quantité de mémolre assignée 4
celui-gi, pour incrémenter (800-802) la seconde
entrée du second moyan de table par la premiére
quantité de fagon & transférer la premiére quan-
tité de mémoire depuis |a partie de mémoire lo-
cale assignéde vers la partie de mémoire locale
non assignée de fagon & désassigner la premiére
quantité de mémoire du procédsé, puis pour exa-
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miner (804, 900-903) |a seconde entrée du se-
cond moyen de table de fagon & déterminer si la
partie de mémoire locale non assignés comporte
ou non une quantité de mémoire dépassant une
quantité prédéterminée, et pour demander
(904,907) au premier moyen de commande de
transférer une ssconde quantité de mémoire de-
puis la partie de mémoire locale vers la partie de
mémoire globale si la partie de mémoire locale
non assignée dépasse la quantité prédéterminée
de mémoire; et

le premier
comprend

un premier moyen de table comportant
une pluralité d'entrées (212-213) associées cha-
cune & un processeur différent de la pluralité de
processeurs et servant & mémoriser une indica-
tion d'une quantité de mémoire dans la partie de
mémoirs globale du processeur associé, et

un moyen de gestion de procédés de sys-
tdme d'exploitation (30), sensible & la demande
de transfert, pour incrémenter (910,911) I'entrée
du premier moyen de table associé au proces-
saur du second moyen de commande demandeur
par la ssconde guantité de fagon & déclencher le
transfert de cetie quantité de mémoire depuis la
partle de mémoire locale non assigneé vers la par-
tie de mémoire globale et pour en notifier (912-
913) le second moyen de commande demandeur;

le moyen de noyau du second moyen de
commande demandeur (920-922) étant en outre
sensible a I'avis, pour 2 la fois décrémentsr la
seconde entrée st incrémenter la premidre en-
trée du second moyen de table par la seconde
quantité de fagan & terminer le transfert de cette
quantité de mémoire depuis la partie de mémoire
locale non assignée vers la partie de mémoire
globale.

moyen de commande

Procédé d’'assignation de mémoire & un procédé
dans un systéme (figure 1) ayant une pluralitd de
processeurs (11-12) ayant chacun sa propre mé-
molre (22) non partagée, divisée logiquement en
une premidre (42) et une deuxidme (41} partie, le
procédé étant caractérisé par les étapes de:

demande (503;602) & un premier dispositif
de commande (30), servant & assigner A des pro-
chdés de a mémoire incluse dans les premiéres
parties de mémaire, d'assigner & un procédé une
premiére quantité de mémoire;

en réponse 4 la demande, assignation par
le premier dispositif de commande (510-527;
610-857) au procédé de la premidre quantité de
mémoire depuis une premiére partie de mémoire
d'un premier processeur,

damande (700;800) & un second dispositif
de commande (31), dédié au premier processeur
at servant & assigner & des procédés de la mé-
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maire incluse dans la saconde partie de mémoire
du premier processeur, d'assigner au procédé
une seconde quantité de mémoire;

en réponse & la demande, assignation par
le second dispositif de commande (701-717;
801-806) au procédé de la seconde quantité de
mémoire depuls la seconde partie de mémoire du
premier processeur; et

transfert par las premier et second dispo-
sitifs de commande de fagon coopérative de mé-
moire entre les premiére et seconde parties de
mémoire du premier processeur (704-706, 710-
711, 1100-1105, figure 9).

Procédé de 1a revendication 11

CARACTERISE EN CE QUE

l'opération d'assignation de la premiére
guantité de mémoire comprend les opérations de

assignation (811} par le premier dispositif
de commande du procédé A un premier proces-
seur ayant au moins la premiére quantité de mé-
moire dans la premidre partie de mémoire,

transfert (612-832) par te premier disposi-
tif de commande de la premi#ére quantité de mé-
moire depuis la premidre partie de mémoire vers
la saconde partie de mémoire du premier proces-
seur, ot .

en réponse & |'assignation, I'assignation
(850-857) per le second dispositif de commande
dédié au premier processeur au procédé de la
premiare quantité de mémoire depuis la seconde
partie de mémoire du premler processeur; et

I'opération de demande & un second dis-
positif de commande d'assigner une seconde
quantité de mémoire comprend les opérations de

demande (700) au second dispositif de
commande dédié au premier processeur d'assi-
gner au procédé une seconde quantité de mémol-
re, ou ,

demande (800) au second dispositif de
commande de désassigner une troisidme quan-
tité de mémoira assignée & un procédé qui est as-
signé au premier proceaseur, et

I'opération d'assignation de mémoire par
le second dispositif de commande comprend les
opérations de '

an réponse & |la demande d’assignatlon,
I"assignation (701-717) par le second dispositif
de commande au procédé de la seconde quantité
de mémoire depuls la seconde partie de mémoire
du premier processeur, et

en réponse a la demands de désassigna-
tion, 1a désassignation (801-806) par le second
dispositif de commande de la troisiéme quantité
de mémolre du procédé vers |la seconde partie de
mémoire du premier processeur.




2:UNI
7
e nu‘!_« Vs
") ) )
o d _I' —
|
(c ‘o1 it (e ‘o1d) {(z ‘012
i [nLomis 11 [3enionyls HNLINELS
|18 ¥ FEvan I ELED vE0©
OHINES] | i | [uonewas] ! s’
|
zs” g 1874 o || | 30V S5300ud "
i e’
e sofl- - ¢ - “_r.ﬁ&mx..“m.o ENREN ‘S’
1c” | AMOME | 167 e’ ARSOLER!
il ” GALLIL00
P ASOMEd W0 | e s T o
ANOLER VOO | BCTTIT N
QRLLIM00 v "
i AUOLER
ANOUE W20 L g) G311 LAOONN TS
AMOLERE VOO sk “ 3LL [LAI0ONN
0311 11A00NN |
AHOME AMOHEY AoLE




EP 0 273 612 B1

€ "'Old

£0Z~ 001 NI
90Z ~ W0 XV
S8Z~ TOLONIH
roz- “WOONIM
€0z~ OOLLINI
ZoZ~ *10 W01
10T~ “19 a0
157 3wuonus
FEVaNL

¢ ‘9Old

CiZ~

i T1 "OSS300dd 1O vE0"®

At Ay

Il ¥0SS300ud ‘10 VBoW

e

81 ¥OS5300ud 1D JALLIIHHOONN

05~ RNUNYLS

Va0

23



EP 0273612 B1

b "Ol4

HYHOYIQ 3LVIS AHOHI

24




EPO273612B1

FIG. 5
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