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MEMORY _TESTI NG IN A MITI PLE PROCESSOR COVPUTER SYSTEM L. FLELD OF THE
| NVENTI ON: This invention relates to the testing of nmenory in a conputer
systemin which main nmenory i.s shared between nultiple processors. 2. ART

BACKGROUND: Conputer systens in general conprise at |east one processor
(CPU) coupl edwbypenssr of a bus to nmain nenory and an |/ O syspenusssiogizo al | ows
comuni cation with, for exanple, a keyboard, display, floppy disk and hard
di sk apparatus. Wien the conputer systemis powered on or otherw se energes
froma reset condition, a nunber of initialization tests and configuration
procedures are ordinarily carried out. The gysteminitialization process is
a sequence of events which are carried out "after reset and before an

operating system (QS) is Af reset. a _processor in the
conput er system begins ex%ﬂ&%ﬁs IMWH%WF@%@BM to as the
initialization software. This initi mmnmsvme is comonly executed

fromthe system ROM (read only e AR pr evi ousl y
priogrammed and tested. The initia |zat|on software operatlons
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This invention relates to the testing of memory in a computer
system in which main memory is shared between multiple processors.

2. ART BACKGROUND:

Computer systems in general comprise at least one processor
(CPU) coupled by way of a bus to main memory and an I/O system
which allows communication with, for example, a keyboard, display,
floppy disk and hard disk apparatus. When the computer system is
powered on or otherwise emerges from a reset condition, a number of
initialization tests and configuration procedures are ordinarily carried
out. The system initialization process is a sequence of events which
are carried out after reset and before an operating system (OS) is
brought up. After reset, a processor in the computer system begins
execution of code which is often referred to as the initialization
software. This initialization software is commonly executed from the
system ROM (read only memory), which has been previously
programmed and tested. The initialization software operations
performed by the processor test and initialize the various components
of the system which are necessary for execution of the operating
system, such as the processor itself, the main memory, I/0O
components such as the keyboard and display, and the hard disk from
which the operating system will be loaded.

In a multiprocessor computer system where several processor
reside on the same system bus, one of the first initialization process
steps which is performed is to select one of the processors, called the
bootstrap processor (BSP), to oversee the initialization and perform
the bulk of the initialization test and configuration procedures. The



performed by the processor test and initialize the various conponents of
the system which are necessary for execution of the operating system such
as the processor itself, the main nenory, |/O conponents such as the
keyboard and di splay, and the hard di sk from which the operating system
will be |oaded. In a multiprocessor conputer system where several processor
resi de on t heygosgpdeasyst em bus, one of the first initializarCoossspzRess
steps which is perforned is to select one of the processors, called the
boot strap processor (BSP), to oversee the initialization and performthe
bulk of the initialization test and configuration procedures. The WO
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may be a fixed one of the nultiple process@s in the system or can be
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carries out tests including verifying its own operation and testing the
system memory and I/O components required to bring up the
operating system. Thereafter, the remaining processors are allowed to
execute code to verify their functionality under control of the BSP.

As mentioned, a single one of the muitiple processors has
traditionally being used to perform most of the initialization
procedures, with the remainder of the processors being tested as one of
the final steps befare passing control to the operating system. In this
respect, the initialization of multiple processor systems in the past has
been similar to that of single processor computer systems, with merely
a series of operations added to the end in order to initialize the
additional processors. Multiple processor systems have generally
conformed to this type of initialization since they have often evolved
from single processor system architectures and/or can often operate
themselves as single processor systems in some circumstances.

Increasingly, the main memory storage capacity provided in
computer systems, particularly multiple processor computer systems,
is significantly larger than has been required in the past, in order to
cope with the demands of increased software and data complexity.
One of the tasks of the initialization process is to test the main
memory of the computer system to ensure its functionality so that
data is not lost during operations. This memory testing often entitles
writing to and reading from every storage location in the memory,
which can take a significant amount of time with a large capacity main
memory. In some applications, multiple processor computer systems
are required to be operational substantially continuously, and in such
cases the time taken for memory testing following system reset can be
particularly significant.

It is therefore desired to provide a faster way of initializing a
multiple processor computer system, and in particular of increasing




operating system Thereafter, the remaining processors are allowed to
execute code to verify their functionality under control_of the BSP. As
mentioned, a single one of the nultiple processors has traditionally being .
used to perforn1nnst of the initialization procedures, with the renainder
of the processors being tested as one of the final steps before passing

control to tRepogmagsiti Ng system In this respect, the initimitigssénnsn of
mul ti pl e processor systens in the past has been simlar to that of single

processor conputer systens, with nerely a series of operations added to the
end in order to initialize the additional processors. Miltiple processor
systens have generally conforned to this type of initialization since they
have often evol ved from single processor sy31en1architectures and/ or can
often operate thensel ves as single processor systens in some circunstances.
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system bus. Thus, by employing a plurality of the processors in a

multiprocessing computer system to perform testing of the memory

thereof, a decreased memory testing required time can be achieved

since a greater amount of the memory bus bandwidth can be utilized

as compared with an initialization procedure in which a single

processor is used for memory testing.

SUMMARY OF THE INVENTION

Accordingly, the present invention provides an initialization
method, for use in a multiple processor shared memory computer
system, comprising the steps of: allocating to each of a plurality of
processors in the computer system a respective portion of the shared
memory; and testing the shared memory by simultaneously operating
the plurality of processors so as to perform memory testing on their
respective shared memory portions.

Preferably the initialization method includes initializing one of
the plurality of processors as a bootstrap processor, which is utilized to
determine the amount of memory which is to be tested and the
number of processors present in the computer system and for
allocating the respective portions of memory to the processors. The
bootstrap processor can also be used to test and/or initialize other
essential resources in the computer system, such as a memory
controllér. According to one aspect of the invention, the bootstrap
processor assigns each of the other processors in the computer system
a respective processor number, and communicates the processor
number to the respective processors together with data representing
the determined amount of memory and the total number of



whi ch can take a significant amount of time with a |arge capacity main
menory. I n sonme applications, nultiple processor conputer systens are
required to be operational substantially continuously, and in such cases
the tine taken for nenory testing follow ng systemreset can be
particularly significant. It is therefore desired to provide a faster way

of initializiwgoshesdil tiple processor conputer system and ipgcrasdduozeiel ar of
i ncreasi ng WO 96/ 30831

PCT/ US96/ 02720 -3- the speed of nmenory testing in the multiple processor
system The way in which an increase in nmenory testing speed is achieved,

I n accordance with the present invention, is by exploiting a characteristic
of multiple processor conputer architectured wherein the data transfer
bandw dt h between the nmain nenory and the systembus is greater than the
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by that processor.

In a preferred form of the invention, the bootstrap processor
passes data to each of the other processors in succession, said data
enabling each of the other processors to successively begin testing of
their respective shared memory portions, before the bootstrap
processor begins testing its own allocated memory portion. Each of
the plurality of processors then sets a flag in a mutually accessible
register at the conclusion of testing of its respective memory portion,
which enables the bootstrap processor to determine
whether all processors have concluded memory testing by examining
whether all flags have been set in the register.

The invention also provides a method for initializing a
computer system having a plurality of processors which share
memory on a common bus, comprising: determining the size of the
shared memory; allocating to each of the plurality of processors a
respective portion of the shared memory; and performing a memory
test of the shared memory by simultaneous operation of the plurality
of processors such that each processor tests its respective allocated
portion of the shared memory.

Writing to and reading from the shared memory may be
controlled by a memory controller of the computer system, wherein
the simultaneous memory testing operations performed by the
plurality of processes involves a form of time division multiplexed
communication between the plurality of processors and the memory
controller. Preferably each of the plurality of processors
communicates with the memory controller, in the above mentioned
time division multiplexed manner, in order to effect writing to and
subsequent reading from each memory location of its respective
allocated portion of the shared memory.

In accordance with the present invention there is also provided
a computer system comprising: a plurality of processors coupled to a



since a greater anmount of the menory bus bandw dth can be utilized as
conpared with an initialization procedure in_which a single processor is
used for nmenory testing. SUMMARY OF THE | NVENTI ON Accordingly, the present
i nvention provides an initialization nethod, for use in a nultiple
processor shared nenory conputer system corrpri sing the steps of:

allocating tquedgdieslf a plurality of processors in the conppdyPdsestsdeEm a
respective portion of the shared nenory; and testing the shared menory by

si mul t aneously operating the plurality of processors so as to perform
menory testing on their respective shared nenory portions. Preferably the
initialization nethod includes initializing one of the plurality of
processors as a bootstrap processor, which-8s utilized to determ ne the
anmount of nmenory ‘which is to be tested and the nunber of processors present
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writing to and reading from the volatile memory, wherein the
simultaneous testing of the plurality of portions of the memory
includes passing time division multiplexed signals between the
plurality of processors and the memory controller to effect said writing
to and reading from the respective memory portions.

In another form the invention provides a computer system
comprising: a plurality of processors coupled to a bus; memory
means, coupled to said bus, and containing a plurality of individually
addressable portions; a memory controller means for writing to and
reading from said memory means; and a non-volatile memory means
containing initialization instructions, for execution by the plurality of
processors, such that each processor of the plurality of processors
communicates with the memory controller means so as to test a
respective separate said portion of the memory means.

According to the present invention there is further provided a
method for testing memory in a multiple processor computer system
having shared memory accessible on a common bus, comprising the
steps of: assigning to each of a plurality of processors a respective
separate portion of commonly accessible memory; for each of the
plurality of processors, writing data to and subsequently reading data
from at least substantially every memory address of said respective
separate portion of memory, the writing and reading of said data being
time division multiplexed as between the plurality of processors; and
for each said memory address written to and read from by said
respective processor, comparing in said respective processor said data
written and said data read therefrom.

BRIEF DESCRIPTION OF THE DRAWINGS



nunber to the respective processors together wwth data representing the

det erm ned anount of nenory and the total nunber. of WO 96/ 30831

PCT/ US96/ 02720 -4- processors present in the conputer system so as to
enabl e each of the other processors to determ ne a respective starting
address and endi ng address defining the respective portion of shared nenory
to be testedwilogsbgdt processor. In a preferred form of thepcivussszan, the
boot strap processor passes data to each of the other processors in
succession, said data enabling each of the other processors to successively
begin testing of their respective shared nenory portions, before the
.bootstrap processor begins testing its own allocated nenory portion. Each
of the plurality of processors then sets a6flag in a nutually accessible
regi ster at the conclusion of testing of its respective nmenory portion,
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wherein:

Figure 1 is a block diagram of a multiple processor computer
system; :

Figure 2 is a flow chart illustrating a first portion of an
initialization process;

Figure 3 is a flow chart illustrating a second portion of the
initialization process; and

Figure 4 is an example of partitioning of a memory map for a
multiple  processor computer system for memory testing according
to an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

A method and computer system for the testing of memory
shared between a plurality of processors in a multiple processor
computer architecture is described hereinbelow. In the following
description, numerous specific details are set forth such as examples of
processor architectures, and specific procedural steps for initialization
of an exemplary multiprocessor shared memory system, etc. in order
to provide a thorough understanding of the present invention. It will
be evident, however, to those skilled in the art that these specific
details need not be used to practice the present invention. In other
instances, well known procedures and circuits have not been shown
or described in detail in arder to avoid unnecessarily obscuring the
present invention.

The method and apparatus of the preferred embodiment of the
invention are typically embodied in a computer system in which
multiple microprocessors are coupled to a shared system memory
(RAM) by way of a global system bus. An example of a multiprocessor
computer system 2 is shown in block diagram form in Figure 1. The
computer system 2 comprises a plurality of microprocessor subsystems
6, a memory subsystem 8 and I/O interface 16, all of which



The invention al so provides a nethod for initializing a conmputer system
having a plurality of processors which share nenory on a_conmpn bus,

conprising: determning the size of the shared nenory; allocating to each
of the plurality of processors a respective portion of the shared nenory;
and performng a nenory test of the shared nenory by simnultaneous operation
of the pl uralwbyesissipr ocessors such that each processor tesperruéssnzro
respective allocated portion of the shared nenory. Witing to and reading
fromthe shared nmenory may be controlled by a nenory controller of the
conputer system wherein the simultaneous nenory testing operations
performed by the plurality of processes involves a formof tinme division
mul ti pl exed communi cati on between the pluralftty of processors and the
menory controller. Preferably each of the plurality of processors

conmuni cates with cdmmmimtg/bscmymlalgobalisylstemd)mbbvhdmﬁthmned time

division multipl exﬁﬂhﬁﬁiﬁt&ﬁsor'sﬁbﬂfs@ﬁ a%bx‘d é&bﬁﬂjwﬁiﬂhsequent
readi ng fromeach pe of its S ctl l.,oC ortion of
the shared menory. W“H“%%%‘&?ﬁm@‘\ﬂ“ﬁ d[angr B§ %%EYI‘PE? #% al so
provi ded a conput elocalymiczoprosessor bus 2. npmmomzpm&sms coupled to
a microprocessor which is suitable for use in a multiprocessing

' environment, such as an Intel 486 brand microprocessor or

Pentium™ brand microprocessor. Control, address and data signals
are coupled from the microprocessor 20, by way of the local
microprocessor bus 22, to the bus adapter and cache circuitry 24 in each
microprocessor subsystem 6. The function of the dircuitry 24 is to
interface the microprocessor 20 to the global system bus 4, including
ensuring that the global system bus signal protocols are met for signals
issued from the microprocessor 20 on the local bus 22. Additionally, a
level-two cache can be provided in the interface circuitry 24 in order to
buffer data access from the memory subsystem 8 during normal
operation of the computer system 2. In general, for the purposes of
memory testing, the level-two. caches in the microprocessor
subsystems 6 are disabled.

The input/output controller 16 is utilized to interface the global
system bus 4 of computer system 2 to components such as disk drives,
a keyboard, a display and the like. For example, the I/O controller 16
can couple a hard disk drive (not shown) to the computer system 2
from which an operating system can be loaded following completion
of the initialization process of the computer system.

The memory subsystem 8 contains shared random access
(RAM) system memory 10 for use by the microprocessor subsystems 6.
The system memory 10 is coupled to a memory controller 12 by way of
a memory bus 14. The memory controller 12 interfaces the system
memory 10 to the global system bus 4, to enable data to be retrieved
from system memory and placed on the global bus 4, and for data on
the global bus to be stored in the system memory.

Also residing on the global system bus 4 (but now shown in
Figure 1), or on each of the local microprocessor buses 22, is system
ROM (read only memory) which is preprogrammed with instructions
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volatile memory coupled to _the bus; and stored programinstructions, for
execution by the processors, for “test| ng the vol atile: nenory by
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between the plurality of processors and the nmenory controller to effect
said witing to and reading fromthe respective nenory portions. In another
formthe invention provides a conputer systa‘em conprising: a plurality of
processors coupled to a bus; nenory means, coupl ed to said bus, and
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which can be updated from one initialization to the next.

A conventional initialization process in a multiprocessor
computer system can be viewed in three phases. In the first phase, the
system is initialized as a uniprocessor computer, with one processor
(the bootstrap processor, or BSP) initializing the system. All of the
other processors are idle in this phase. The BSP executes code from
the system ROM to initialize the shared system memory and the I/O
devices required to bring up the operating system. In the second
phase, the remaining processors are allowed to execute code to verify
their functionality under the control of the BSP. The operating system
is brought up in the third phase. One way in which a multiprocessor
system may be so initialized is outlined in the steps set forth below.

1. Following a reset condition, all of the processors in the
system execute code from the system ROM. They doa
minimum amount of  self testing and then perform an arbitration
process to determine which processor will be the BSP. The
remaining CPUs pause operation and are temporarily idle.

2. The BSP runs a self test in order to test the processor registers
and basic processing functions. The BSP also test and initializes the
bus adapter dircuitry for access to the global system bus, and the I/O

controller.

3. The BSP accesses non-volatile configuration memory to
locate a display device. If the configuration memory is invalid or
if it does not contain information about the display device, a
default deviceis chosen. The BSP then configures and initializes
the display device (e.g. by way of I/O controller 16) so that error
messages can be displayed if an error occurs during the
initialization process.

- This Sheet
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respective separate said portion of the nenory neans. According to the
present invention there is further provided_a nethod for testing nmenopry in

a rmultiple processor conputer system having shared nenory accessible on a
comon bus, conprising the steps of: assigning to each of a plurality of
processors a respective separate portion of commonly accessible nenory; for

each of the Wowembgsky of processors, witing data to and seTasvenyioy
reading data fromat |east substantially every nenory address of said

respective separate portion of nmenory, the witing and reading of said data
being tinme division nultiplexed as between the plurality of processors; and

for each said nenory address witten to and read from by said respective '
processor, conparing in said respective prdtessor said data witten and

said data read therefrom WD 96/ 30831

PCT/ US96/ 02720 - 6- The4i TherBSPinitializée the niainl nemopycsubsystemy @),) ed herein

after; by way of exaHRIry ONfektingtid repfités aADthé teli@bRICANR A the dr awi ngs,
vvh_er ern: memory controller.

5. The BSP then determines the extent of main memory (10)
available  and performs a memory testing procedure to test each
memory  location for functionality.

6. If the BSP subsystem includes caches and/or interrupt
controllers these are tested.

7. Configuration memory is consulted to locate a keyboard and
hard disk that will be used to boot the operating system. The BSP
selects . default devices if the configuration non-volatile memory
is invalid or does not contain information about these devices.
The BSP initializes the keyboard and hard disk ( e.g. by way of
I/0 controller 16). :

8. The BSP sets a flag indicating to the other microprocessors in
the system that the essential system components have been tested
and initialized, and then releases the other CPUs one by one with a
reset interrupt. The BSP also sets a timer and goes into a busy wait
loop and waits to be interrupted by either the other CPU if it is
functional or by its own timer.

9. Each non-BSP, when out of reset, executes code from the
system ROM and recognizes that the essential system
componenis have already been tested by way of the flag set by the
BSP. It then executes code to run a self test and to test its local
caches, bus adapter and other  local components. If it passes this
testing, it then sends an interrupt to  the BSP and busy waits to be
awakened by the operating system boot code. The BSP
determines whether each additional CPU is functional  on the basis
of whether the BSP was interrupted by the other processor or by
its own timer interrupt. This sequence is repeated for each CPU

in the system, and information about the number of operating

processors in the system is stored in a fixed location in memory.

10. The BSP then determines the availability of any additional
system resources and stores the system configuration



Figure 1 is a block diagramof a nultiple processor conputer system Figure
2 is aflowchart illustrating a first portion of an initialization
process; Figure 3 is a flowchart illustrating a second portion of the
initialization process; and Figure 4 is an exanple of partitioning of a
menory map for a multiple processor conputer systemfor nenory testing
accordi ng t owpeegssbodi nent of the invention. DETAI LED DESORIFAIN9@MR7200F THE
| NVENTI ON A nmet hod and conputer systemfor the testing of nmenory shared
between a plurality of processors in a nmultiple processor conputer
architecture is described hereinbelow In the foll ow ng description,

numer ous specific details are set forth such as exanpl es of processor
architectures, and specific procedural ste¥ for initialization of an

exenpl ary rrultl processor shared nenory system etc. in order to provide a
t her ough under st airdormation tédhe nope nvolauféamﬁﬂwatmn memporycbeforejent |
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to avoi d unnecesseenveptiopakinitializatipn process, teshng system

memory 10 is performed exclusively by the bootstrap processor (BSP),

and the additional microprocessor subsystems 6 present in the

computer system are initialized at the end of the process, immediately

before passing control to the operating system. According to

embodiments of the present invention, the initialization process for a

multiple processor computer system is modified so as to enable testing

of the system memory to the performed by the use of more than one

microprocessor present in the computer system. An initialization

process in accordance with an embodiment of the invention is

described hereinafter with reference to the flow charts of Figures 2 and

3. The described initialization process concentrates on the issue of

testing of the shared system memory 10, and where the initialization

method steps are in common with the conventional method

described above, the implementation of these steps are to be taken as

being in accordance the conventional initialization procedure as is

known to those of ordinary skill in the art.

Referring firstly to Figure 2, there is shown a flow chart 50 of
steps performed during initialization of a computer system such as the
computer system 2 of Figure 1. The procedure of flow chart 50 begins
with step 52 wherein the computer system emerges from a reset state.
There are ordinarily two possible reset conditions for the system,
namely a cold start and a warm start. Cold start refers to the reset
condition when the system’s power is switched on or when a
hardware reset is initiated by a user of the system. Warm start refers
to the reset condition following a software reset instruction, which can
occur in a variety of circumstances. In some instances the
initialization procedure for a warm start may differ from the
procedure carried out for a cold start, particularly with respect to the
testing of shared memory, and thus for the purposes of the following



present invention. The nethod and apparatus of t he preferred enbodi nent of
the invention are typically enbodied in a conputer systemin which nultiple

m croprocessors are coupled to a shared system nenory (RAM by way of a
gl obal system bus. An exanple of a nultiprocessor conputer system2 is
shown in block diagramformin Figure 1. The conputer system 2 conprises a

plurality ofwm,ﬁnﬂrocessor subsystens 6, a nenory subsystm,ﬁsgamzbzdlo
interface 16, all of which WD 96/ 30831
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m croprocessor subsystens 6 conprises a m croprocessor 20 which

comuni cates with a bus adapter and | evel -two cache 24 by way of a | ocal

m croprocessor bus 22. The mnicroprocessor-130 can be any nicroprocessor
which is suitable for use in a nultiprocessing environnment, such as an
Intel 1486 brand deseriptiowitewilbbe assutesd that fher rebetinondition atrstep 52 awises: .
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As mentioned above, the computer system 2 includes system
ROM (not shown in Figure 1) which is accessible by the
microprocessors 20A, 20B, 20C and 20D contained in the processor
subsystems 6. The system ROM contains the instructions for the
microprocessors 20 to carry out the procedure of flow chart 50, as well
as the procedure of flow chart 80 which is illustrated in Figure 3 and
described hereinbelow.

When the computer system 2 emerges from the reset state, each
of the microprocessors 20A, 20B, 20C and 20D begin initialization by
executing code from the system ROM (step 54). An arbitration process
ensues in order to determine which of the processors 20 will act as the
bootstrap processor (BSP). The arbitration process may involve each
of the processors attempting access to a mutually accessible flag or
register. The first processor to gain access to the flag or register sets a
particular value therein, and becomes the bootstrap processor. The
processors which subsequently access the flag or register detect that a
BSP has already been assigned, and execute a halt instruction and stop
executing.

The allocation of the BSP by way of an arbitration process
assumes that the processor subsystems 6 are essentially equivalent in
their hardware configurations, so that each processor 20 operates in
like manner when emerging from the reset state. Another way of
assigning a bootstrap processor is to merely have one of the processors

20 permanently designated as the bootstrap processor, such as by
virtue of being in a particular slot in the computer system
architecture, in which case no arbitration process is required.

Assuming that microprocessor 20A is assigned as the BSP, this
processor then proceeds to perform a series of self tests including
testing and initializing the bus adapter for access to the global system
bus 4. The BSP 20A then initializes the memory controller 12 so as to
allow the memory controller to pass signals between the system



m croprocessor bus 22, to the bus adapter and cache circuitry 24 in each
m cr opr ocessor subsystem 6. The function of the circuitry 24 is to
interface the mcroprocessor 20 to the global systembus 4, including
ensuring that the global system bus signal protocols are nmet for signals
I ssued fromthe m croprocessor 20[orrtrreFocak—his--22. Additionally, a

| evel -t wo caqfsosiagybe provided i I THIE SHEEE Hascmemy rflcui t ry pedvwusssneder t o
buffer data access fromthe menor subs@%ﬁle%ﬁﬁb during nornmal operation of
the conputer system2. In general, 55e5~of menory testing, the
| evel -two caches in the m croprocessor subsystems 6 are disabled. The

i nput/out put controller 16 is utilized to interface the gl obal system bus 4
of conputer system 2 to conponents such as18t sk drives, a keyboard, a

di splay and the |Iike. For exanple, the I/O controller 16 can couple a hard
di sk drive (not simmbr}tmamlaummqrytbus 14 \antidhe glababsysiemn bius A{stepS6ht i ng

system can be | oagekgpsh o ﬁgpeaargdesrtwau\ef prot@sdoré lhithopratessors20Bess Of
(Ra) Syst om menprAIC e 2D e g S%n%ﬁ?%&%c%@%f“ oSt pifiygi g cooe
system menory 10 iselfdestisigpracedurertornstaplish theip functionslityy way of a menory
bus 14. The nenpry conipbwig fi inMializfier andhwelfgstingrofHrothei0 to the
gl obal system bus Ai'bcesgor%r}gb%pesssj?ﬁe B$P i fieh abld ' Etermine the number of
: operatives CPUs
(N, when N = 4 for the computer system shown in Figure 1) at step 60.
The BSP also probes the system memory 10, utilizing the memory
controller 12, to determine the size of the system memory present
(MEM).
In order to enable coordination of the memory testing between
the various processors 20 a register is set up, for example in the
memory controller 12, containing a flag for each processor in the
computer system 2, whether or not that processor is in fact present in
the system or, if present, operative. If a processor is not present or
inopérative, the completion flag in the register is set at step 62, and the
completion flag for each of the processors which will contribute to the
memory testing phase of the initialization is reset. The BSP then
allocates a sequence number for each of the operative processors, and
for each processor other than the BSP provides the processor sequence
number (CPU#), the total number of operative processors (N) and the
memory size (MEM) and instructs that processor to begin memory
testing (steps 64, 66, 68).
The memory testing procedure carried out by each processor
other than the BSP (i. e. microprocessors 20B, 20C, 20D) is illustrated in
flow chart 80 shown in Figure 3, and it is described hereinbelow.
Referring to flow chart 80 in Figure 3, each processor 20 other
than the BSP (20A) begins its memory testing routine at step 82,
whereupon it is aroused from its idle state upon instruction from the
‘BSP. At step 84 the processor receives its allocated processor sequence
number (CPU#), together with data indicative of the amount of
shared memory present in the computer system (MEM) and the total
number of operative processors present (N). This information is
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from system nenory and placed on the global bus 4, and for data on the

gl obal bus to be stored in the systemnenory. Al so residing_on_the gl obal
system bus 4 (but now shown in Figure 1), or on each of the | ocal

m croprocessor buses 22, is system ROM (read only nmenory) which is
preprogranmed with instructions -8- to be executed by the

M Cr opr ocesSyioosBehsi or initiali ' .Sy St em 2 Qﬁ-msgmmt The
initialization instruction soft
system (BI OS) for the conputer

BEEly Pf a basic input/output
¢ read/ wite nmenory may
= 'formatlon for use in the
initialization process, which can be updated fromone initialization to the
next. A conventional initialization proces$3in a nultiprocessor conputer
system can be viewed in three phases. In the first phase, the systemis
initialized as a wvequiredcly the pmoessor & enabile it tordetenmine sehich pottiorbofot st r ap
processor, or BSPihd Q{éﬁé&hﬁ&% Tiﬁ‘?wﬁ)ﬂﬂ@ cﬁi&i fméﬁ\ i38h _prm@essor S are
idiein this phase. The cu es ¢ roc{r;t’_}l aﬁcf@ gsénltlallze
the shared syst emPREFBYY B0y ed from
' calculate a start address for its memory test (step 86) and an end
address for its memory test (step 88). Having calculated the start
address and end address for the memory testing procedure, the
processor then test each memory location from start address to its end
address, by communicating with the memory controller 12 to write
data to and read data from this memory locations, as will be described
in greater detail below. After completing the memory testing at step
90, the processor then sets the corresponding completion flag (step 92)
and again enters into an idle state while waiting for the
multiprocessing operating system to be booted (step 94).
Referring again to flow chart 50, once the BSP has started all of
the other processors on the memory testing routine constituted by
flow chart 80, the BSP then begins its own memory test (step 70).
Thus, at step 70 in flow- chart 50, there is a period of time during
which all of the processors including BSP are involved in testing of
the shared system memory 10. When the BSP finishes testing its
portion of shared memory it sets the completion flag (step 72) and
loops until all of the completion flags have been set (step 74)
indicating that every processor has finished memory testing. To
finalize the initialization procedure, the BSP tests and initializes any
further essential system resources, such as the hard disk from which
the operating system will be loaded (step 76) and finally passes control
to the operating system boot code at step 78.
As mentioned above, access to the system memory 10 by the
microprocessors 20 in the computer system 2 are controlled through
the memory controller 12. Briefly, a request for memory resources is
made by a microprocessor 20, and if the memory location requested is
not buffered in the level-two cache (which, as mentioned, is disabled
for the purposes of the initialization memory test), a global system bus
cycle is started. The global system bus cycle is detected by the memory
controller 12, and converted into the appropriate memory bus
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devices required to bring up the operating system In the second phase, the
renai ni ng processors are allowed to execute code to verify their
functionality under the control of the BSP. The operating systemis brought
up in the third phase. One way in which a nultiprocessor system nay be so
initialized is outlined in the steps set forth below 1. Follow ng a reset

condi ti on, l‘*] ﬂifsgisli'e processors in the system execut e pcoaisssiorraon t he
system ROM They do a m ni nrum anount of self testing and then perform an
arbitration process to deternine which processor will be the BSP. The

remai ni ng CPUs pause operation and are tenporarily idle. 2. The BSP runs a
self test in order to test the processor registers and basic processing
functions. The BSP also tests and initiali-34s the bus adapter circuitry
for access to the global systembus, and the I/O controller. 3. The BSP
accesses non-vol atohma@forgnembr}ohusm)astw access the pemoryiilegatiop devi ce.

I f the configur atl r*a eV| l,g%&%t h‘icadb‘b quﬁan{pfo@eggHr&b

i nformati on about

ef aul %ﬂ [ Qh The BSP
t hen confi gures am}"?e 3:'?5? °'th GeeLy QRYPEYE %&5 n'si %vg 1/ O
controller 16) soglMsystemrbusewheny@hemnbaddlaaMe@mpMe é=¥l¢or occurs

during the initialgpgddst BY thé REEDProcessor was to retrieve data from system
memory 10, the memory controller, at the completion of the request,
places the data retrieved on the global system bus to be received by the
requesting microprocessor.

A characteristic of 4 typical multiple processor architecture is
that the global system bus and memory bus has a higher data transfer
bandwidth than the individual local microprocessor buses, which
enables it to support more than one microprocessor. Thus, during
memory testing in accordance with the embodiment of the present
invention, a greater amount of the global system bus and memory bus
bandwidth is utilized than in the case where only a single processor is
used for the memory testing procedure. In general, however, the
increase in memory testing speed which can be achieved by
embodiments of the invention is nevertheless limited by the memory
bus and global system bus data transfer bandwidth. Requests for
reading from or writing to the system memory from the
microprocessors 20 to the memory controller 12 are arbitrated in
accordance with the particular bus communication protocol
established on the global sysﬁem bus for the computer system 2. In
general, where each of the microprocessors 20 have equal priority
within the computer system 2, the communications between the
memory controller 12 and the various microprocessors 20 will be
effectively time division multiplexed amongst the microprocessors.

The simplest way in which to apportion the shared system
memory between the microprocessors 20 for testing thereof is to
allocate an equal amount of memory to each microprocessor, in
contiguous blocks spanning the available system memory. Figure 4
shows an example of 2 memory map for the system memory 10 of the
computer system 2 shown in Figure 1, and a way in which the
memory can be allocated to the microprocessors 20 for the purposes of
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The_BSP initialjzes the main nmenory subsystem (8), including_ _testing the
regi sters and other testable features of the nmenory controller. 5. The

BSP then determ nes the extent of main rrermry )) avail abl e and perforns
a menory testing procedure to test_gache ¥ EQclation for '

functional i tyweodgmeghi the BSP subs ﬂrs $h=hE;E£Tu'd chs and petrusssin2se upt
controllers these are tested. 7. Gbnfig meed is consulted to

| ocate a keyboard and hard di sk t h&t=wF —b6 used to boot the operating
system The BSP sel ects default devices if the configuration

non-vol atile nmenory is invalid or does .not contain infornmation about
t hese devices. The BSP initializes the keyard and hard di sk (e.g. by way
of I1/Ocontroller 16). 8. The BSP sets a flag indicating to the other

M eroprocessors i metory testinge nin: thist exameple sthertotallamount ofimemexy@st s have
been tested determined by the BSP during the initialization process, is four

gigabytes, and the microprocessors 20D, 20C, and 20B have been
allocated processor sequence numbers 1, 2, and 3 respectively.

In this instance the strategy which is employed to partition the
memory and aliocate the memory portions amongst the processors is
according to the following equations: '

starting address START = (CPU# -1). MEM/N

ending address END = (CPU#.MEM/N) -1

where CPU# is the allocated processor sequence number for a
processor (beginning with CPU# = 1)

MEM is the total memory size
N is the total number of operative processors (including
the BSP)

For example, for the case illustrated in Figure 4, the total
memory size MEM =1 0000 0000h bytes (= 4 Gigabytes), the total
number of processors
N =4, and CPU 20b is allocated sequence number CPU# = 3. Thus the
starting address and ending address for the memory portion allocated
for memory testing by processor 20b is determined:

START = 08 0000 0000h
END =ob ffff fffth

According to this strategy the BSP is always allocated the last
sequence number (i.e.: CPU# for the BSP is N) so that the BSP always
tests the highest portion of system memory. The described procedure
for allocating portions of memory to the various processors is only
one way in which the invention may be carried out, however, and
many other possibilities will be apparent to those skilled in the art.
For example although the described implementation involves each
processor determining its own starting and ending address on the
basis of the CPU#, MEM and N data passed from the BSP, in an
alternative the BSP may determine a starting address and ending
address for each processor and pass that information to the other
processors as well as or instead of the CPU#, MEM and N.
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and initialized, and then rel eases the other CPUs one by one with a reset
interrupt. The BSP al so sets a tiner and goes into a busy wait |oop and

waits to be interrupted by either the other CPUIif it is functional or by
its own tinmer. 9. Each non-BSP, when out of reset, executes code fromthe
system ROM and recogni zes that the essential system conponents have

al ready beenvweedzeghiby way of the flag set by the BSP. It tpgarusssasiet €s
code to run a self test and to test its |ocal caches, bus adapter and ot her

| ocal components. If it passes this testing, it then sends an interrupt to
the BSP and busy waits to be awakened by the operating system boot code.
The BSP determ nes whet her each additional CPU is functional on the basis
of whether the BSP was interrupted by the-%her processor or by its own
timer interrupt. This sequence is repeated for each CPU in the system and
i nformati on about Furthermotepit will beyrecognized thatdtisswt necessatycforwaclem i s
stored in a fixedpre@sddrdd behlloRated % sirigle coh@niris BI6& of ey Blefits t he
avai labi |1ty of 2Rl il hidss Rultiple. SHAEE Hodl b HGhSS bl £0/s! ™

allocated to processors for testing whereby multiple starting and

- ending addresses are determined, or some other addressing strategy is

employed, for a particular processor. For example, in a2 computer

system comprising two processors involved in memory testing, one

processor could be allocated even-numbered memory addresses and

the other processor

odd-numbered addresses.

Various algorithms for testing memory are known to those

skilled in the art, one being a simple write/read/compare procedure.

In this case, a particular data value is written to a memory location,

the memory location is then subsequently read, and the data read

from the memory compared with the data written thereto to ensure

that the data values coincide. These operations are then repeated for

each memory location in the portion of memory to be tested by the

microprocessor. Other more complex methods of testing the memory

may alternatively be employed, as are also known in the art. In some

cases, it may be advantageous to utilize some form of buffering in the

microprocessor subsystems 6 so that a plurality of memory locations

can be examined, in which case an internal cache memory of the

microprocessor, or the level-two cache could be utilized for that

purpose. As mentioned above, it is generally preferred that the level-

two cache provided in processor subsystems 6 be disabled for the

purposes of memory testing so as to ensure that a fault occurring in

the cache does not affect the results of the memory test. Therefore, if a

cache memory is to be used for buffering during a memory testing

procedure, the initialization method steps which precede the memory

test should include testing to ensure functionality of the cache

memory.

The forgoing detailed description of an embodiment of the
present invention has been put forward by way of example only, and it
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information to the pon- volatile_configuration menory before passing
control to the operating system boot code. As it is apparent fromthe
forgoi ng description of a conventional initialization process, testing of
the shared systemnenory 10 is perforned exclusively by the bootstrap
processor (BSR)gsesesd t he additional m croprocessor subsyst eorafsegement in
the conputer systemare initialized at the end of the process, immediately
before passing control to the operating system According to enbodi nents of
the present invention, the initialization process for a nultiple processor
conputer systemis nodified so as to enable testing of the systemnenory to
the perfornmed by the use of nore than one-Acroprocessor present in the
conputer system An initializatioen process in accordance with an enbodi nent
of . the invention iisndeintendeditonbe eonsidered limiting tefthe inwention asrdefinedw chart s
of Figures 2 and &‘tﬂ'@gaﬂﬁgaf,' d Réerbtca| | zati on process concentrates on
the issue of testing of the Shared system nenory 10, and where the
initialization nmethod steps are in conmon with the conventional nethod
descri bed above, the inplenentation of these steps are to be taken as being
i n accordance the conventional initialization procedure as is



known to those of ordinary skill in the art. Referring firstly to Figure 2,
there is shown a flow chart_50 of steps perforned during initialization of
a conputer system such as the conputer system 2 of Figure 1. The procedure
of flow chart 50 begins with step 52 wherein the conputer system energes
froma reset state. There are ordi nasily 1wo oossible reset conditions for
the system nRyE8éApeH col d start and aTM@rgné‘éTq_lA st argernfib@dasael 0 t he
reset condition when the systenis pﬁmer | REPVAG or when a hardware
reset is initiated by a user of the refers to the reset
condition followi ng a software reset instruction, which can occur in a
variety of circunstances. In sone instances the initialization procedure
for a warmstart may differ fromthe proced8fe carried out for a cold
start, particularly with respect to the testing of shared nenory, and thus

for the pur poses of the foI | owi ng VWO CGABg$31

PCT/ US96/ 02720 1 |t will be assuned that the reset condition
at step 52 ari ses rom co such as havi ng been applied to

t he coPrput er % nple processor shared' memory gompu PP

system, an mitlahzatlon method comprising the steps of:

allocating to each of a plurality of processors in the computer
systema  respective portion of said shared memory; and

testing said shared memory by simultaneously operating said
plurality  of processors so as to perform memory testing on their
respective

shared memory portions.

2)  The initialization method of claim 1, further including
the steps of:

initializing one of said plurality of processors as a bootstrap
processor;

utilizing the bootstrap processor to determine the amount of
said shared memory and the number of said plurality of processors
present in the computer system.

3.)  The initialization method of claim 2, including a step of
utilizing the bootstrap processor to test or initialize essential resources
in said computer system necessary for testing said shared memory and
for running an operating system, including a memory controller and
an operating system source device.

4) The initialization method of claim 2, wherein said
allocating step comprises the step of communicating from said
bootstrap processor to each of the other processors a respective
processor number and data representing the amount of said shared
memory and the number of said plurality of processors present, so as
to enable each of the other processors to determine a respective
starting address and ending address defining said respective portion of
shared memory.

“'“]i]‘i;]]iﬁ,ﬁnj“m i



system 2. As nentioned above, the conputer system 2 includes system ROM
(not_shown in Fiqure 1) which is accessible by the m croprocessors 20A

20B, 20C and 20D contained in the processor subsystems 6. The system ROM
contains the instructions for the mcroprocessors 20 to carry out the
procedure of flow chart 50, as wk agednre of flow chart 80 which

i's illustrat gfhdshogsi ure 3 and qgﬁéig-rqgggw ow. When pichaissenayaot er
system 2 energes fromthe reset st at qqgm_mm hel m croprocessors 20A,

20B, 20C and 20D begin initial i gaditen—ty-—execet g code fromthe system ROM
(step 54). An arbitration process ensues in order to determ ne which of the
processors 20 will act as the bootstrap processor (BSP). The arbitration

process may invol ve each of the processorsi®&ttenpti ng access to a nutually
accessible flag or register. The first processor to gain access to the flag
or.register sets a par§.) culBre initializatibr method af ctldiac 2,nwherelire stidot st r ap

processor. The pr SABRbS d oésk&gtoor regi ster
R R o i o e et conn PR

process assunes thndmrmdmg)mdeﬁxﬁngsaﬁmsme pommnof saidshaxed val ent
in memory.

6.) The initialization method of claim 2, further including
the steps of passing data from said bootstrap processor to each of the
other of said plurality of processors in succession, said data enabling
each of said other processors to successively begin testing said
respective shared memory portion.

7.)  The initialization method of claim 6, further including
the step of starting said bootstrap processor on testing of its respective
shared memory portion after each of the others of said plurality of
processors have begun said testing step-

8)  The initialization method of claim 2, wherein each of
said plurality of processors sets a respective flag in a mutually
accessible register at the conclusion of testing of its respective memory
portion.

9) A method for initializing a computer system having a
plurality of processors which share memory on a common bus,
comprising:

determining the size of said shared memory;
allocating to each of said plurality of processors a
respective portion of said shared memory; and
performing a memory test of said shared memory by
simultaneous operation of said plurality of
processors such that each processor tests its respective
allocated portion of said shared memory.

||||\ii\‘\i‘|‘iff|ﬁ“|i‘f||‘ir" T




their hardware configurations, so that each processor 20 operates in like
manner when energing fromthe_reset state. Another way of assigning a
boot strap processor is to nerely have one of the processors 20 permanent |y
designated as the bootstrap processor, such as by virtue of being in a

particular slot in the conputer Wﬂéﬁﬁﬁ _ i n which case no
ed

arbitrati on wo®e@es1i s required. [ATEES pr oc espOoTUSYMRTRG
assigned as the BSP, this processpr t hBE 1t performa series of
self tests including testing and T |t|a||2| ng the bus adapter for access to
t he gl obal system bus 4. The BSP 20A then initializes the nmenory controller
12 so as to allow the nenory controller to pass signals between the system
-12- nmenory 10 and nmenory bus 14 and the ®Oobal system bus 4 (step 56). At
step 58 the BSP rel eases the other processors (m croprocessors 20B, 20C and
20D) one by one and allPdws A tethachas clpimest i daim (9 fursheryingluding the f t est i ng

prgcedﬁ[e 10 est adipsSdr inftilizirig tiehioPBaid pluralitp ok m&ﬁsdrélanuruelacﬁhgzam on
and self testi “gﬁeé@fﬁﬂﬁh& R Grea380ts of h HRoRrap fiSedistr whichhen able to

determ ne the nu
performs said determining and allocating steps.

11.) A method as claimed in claim 10 wherein the step of
selecting said bootstrap comprises an arbitration process.

12.) A method as claimed in claim 9, wherein said allocating
step comprises determining, for each of said plurality of processors, at
least one start address and at least one end address defining said
respective allocated portion of said shared memory.

13.) A method as claimed in claim 12, wherein said allocating
step includes allocating to each of said plurality of processors a
sequence number, said at least one start address and said at least one
end address being determined on the basis of the size of said shared
memory, the total number of said plurality of processors and the
sequence number for each processor.

14.) A method as claimed in claim 9, wherein writing to and
reading from said shared memory is controlled by a memory
controller of said computer system, said performing step comprising
time division multiplexed communication between said plurality of
processors and said memory controller.

15) A method as claimed in claim 14, wherein each of said
plurality of processors communicates with said memory controlier to
effect writing to and subsequent reading from each memory location
of said respective allocated portion of said shared memory.

16.) A computer system comprising:
a plurality of processors coupled to a bus;
volatile memory coupled to said bus; and

R AN 0



operative CPUs (N, where N = 4 for the conputer systemshown in Figure 1)
at step 60. The BSP al so probes the systemnenory 10, utilizing the nenory
controller 12, to deternmne the size of the systemnenory present (MEM. In
order to enabl e coordination of the rrermry testl ng between the various
processors 20 a register is set ppr=Fot—exanplex =a—t he menory control |l er
12, contai niwoessdssng for each p oﬁﬁsmerrmmm put er spetesesdizzzohet her
or not that processor is in fact presemIPuACEme sy emor, if present,
operative. If a processor is not Bperat | ve, the conpl etion
flag in the register is set at step 62, and the conpletion flag for each of
the processors which will contribute to the nenory testing phase of the
initialization is reset. The BSP then al |@dates a sequence nunber for each
of the operative processors, and for each processor other than the BSP
provi des the processor seqﬁ!@?ﬁ,‘%l’mrmﬁmsr for exeqution by said, of
operative proces3roceséofs, ford t hestimgrsaisl x&:litﬂe(xh&ﬂbr)ahyl simaltanevuslyt hat

 oceaure oarr B L5t AP pHr iy ke 1
ni croprocessors Foptrobptrespegtive s i |SRIkPIOSRSEAMSi n | ow chart 80 shown in
Figure 3, and it is described hereinbel ow
17.) A computer system as claimed in claim 16, further

including a memory controller for controlling writing to and reading

from said volatile memory, said simultaneous testing of said plurality

of portions of said memory including passing time division

multiplexed signals between said plurality of processors and said

memory controller to effect said writing to and reading from the

respective said memory portions.

18.) A computer system comprising:
a plurality of processors coupled to a bus;
memory means, coupled to said bus, and containing a
plurality  of individually addressable portions;
a memory controller means for writing to and reading
from said memory means; and
' a non-volatile memory means containing initialization
instructions, for execution by said plurality of processors such
that each  processors of said plurality of processors communicates
with said memory controller means so as to test a respective
separate said portion of said memory means.

19.) A method for testing memory in a multiple processor
computer system having shared memory accessible on a common bus,
comprising the steps of:

assigning to each of a plurality of processors a respective
separate portion of commonly accessible memory;
for each of said plurality of processors, writing data to and
subsequently reading data from at least substantially every
memory location of said respective separate portion of memory,

e
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Referring to flow chart 80 in Figure 3, each processor 20 other than the
BSP (20A) begins its nenory_testing routine at step 82, whereupon it is
aroused fromits idle state upon instruction fromthe BSP. At step 84 the
processor receives its allocated processor seguence nunber (CPU#), together
F=SFrar o, e N/'- present in the conputer
system ( NEMwanégladshe 't ot al nunber FE1-5 procegssors premsyew27f0N) . Thi s
information is -13- required b Oy enable it to determ ne
whi ch portion of the shared nenor r Ich to conduct its nenory testing.
The processor then proceeds to utilize the data forwarded fromthe BSP to
calculate a start address for its nenory test (step 86) and an end address
for its nmenory test (step 88). Having cal®@8tated the start address and end
address for the menory testing procedure, the processor then tests each
menory | ocation fﬁtemmandddrnsdingcnﬁ&atd data heing dme dipisiatonmuni cati ng
with the memory Gaafpléxed aslsetiveenihd € dphitaliy cfiptotessrsplaida from this

menory | ocations, as wl| P‘% %gﬁ%&;tdb‘g.%mopy%&ﬁ&ﬁ%ﬁﬁéﬂd mp‘ﬂ,&\a ﬁ.g,fnt er

conpleting the nmenory test
by said respectwe processor, comparing in said respective
processor said data written and said data read therefrom.
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90, the processor then sets the corresponding conpletion flag (step 92) and
again enters into an idle state while waiting for the nultiprocessing
operating systemto be booted (step 94). Referring again to flow chart 50,
once the BSP has started all of the other processors on the nenory testing
routine constituted by flow.chart 80, the BSP then begins its own nenory
test (step 7Wboe3isns, at step' 70 in flow chart 50, there PeI/BsIp®TODd Of
time during which all of the processors including BSP are involved in
testing of the shared system nenory %0 Lv%en the BSP finishes testing its
portion of shared nenory it sets the é%npletion flag (step 72) and | oops
until all of the conpletion flags have been set (step 74)
every processor

I ndi cating that
has finished nenory testing. To finalize the initialization
procedure, the BSP tests and initializes any further essential system
resources, such ap—the—irart <t sk—f ronrwhith the operating systemw || be

| oadéd (step 76) pnd finally passes controf tg the operating system boot

code at step 78. Fs enti.ofdd above, acces e system nenory 10 by the
m*cr opr ocessors 2p}i Si—syste E elcontroll ed through the
menory controller; 12. ry, pepory resources is nade by a
m cr opr ocessor 20l ( requested is not buffered in
the | evel -two cachg di $abl ed ©
| " | | ©
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for the purposes of the initialization nenory test), a gl obal system bus
cycle is started. The gl obal system bus cycle is detected by the nmenory
controller 12, and converted into the appropriate nenory bus WO 96/ 30831
PCT/ US96/ 02720 -14- conmand for nenory bus 14, so as to access the nenory

| ocation requested. If the nenory request nade by the m croprocessor was to
wite data twoswsmssly, the nenory controller 12 then signal BCUS%/272¢)| obal
system bus when the command has been conpleted. |If the request by the

m croprocessor was to retrieve data fzp system nmenory 10, the nmenory
controller, at the conpletion of the g]uest pl aces the data retrieved on
t he gl obal system bus to be received by the requesting essor.
characteristic of a tycal multiple processor architect ?‘wat the

gl obal system bus and nmers er data transtfer bangwi dth than
t he individual |ocal mcro 8LESS se ich enables it to support nore

t han “one mcroprocessor Thus, duridng nenory testing in accordance with the

errbodl nment of éﬂe p BI?&%%NB%%IN INITIALIZATION. 50
DETERMINE BSP. a—__
BSP SELF—-TEST & INITIALIZATION
56 ‘I OF MEMORY CONT. & DATA PATH
| y
58 BSP ALLOWS INIT. AND

SELF—TESTING OF OTHER CPU’s

BSP DETERMINES:
60 /| 1) NO. OF OPERATIVE CPU's (N)
2) MEMORY SIZE (MEM)

sISET COMPLETION FLAG FOR CPU’s 66
62 —/ | NOT OPERATIVE OR NOT PRESENT .

FOR EACH CPU BPS STARTS CPU
OTHER THAN BSP ON MEMORY TEST
64 (CPU§ = 1 TO N—1) AND PROVIDES

cpu# N & MEM.
A NEXT CPU
Y

BSP BEGINS MEMORY TEST.
END = MEM

T
72 _/|SET_BSP_COMPLETION FLAG

> -

COMPLETE INIT. OF SYSTEM
76 /| RESOURCES

78 PASS TO O.S.
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I nvention, a greater anount of the global system bus and nenory bus

bandwi dth is utilized than in the case where only a single processor is
used for the nmenory testing procedure. In general, however, the increase in
menory testing speed which can be achieved by enbodi ments of the invention
I's nevertheless limted by the nenory bus and gl obal system bus data
transfer bargghgdolsy Requests for reading fromor witing tgcrgsssyst em
menory fromthe m croprocessors 20 to the nenory controller 12 are
arbitrated in accordance with the par#)' ul ar bus conmuni cati on protocol
established on the gl obal system bus the conputer system 2. In general,
where each of the m croprocessors 20 have equal priority within the
conput er system 2, the conmuni cati ons between the nenory controller 12 and
t he various mcroprocessors 20 will be effectively tinme division

mul ti pl exed anongst the microprocessors. The sinplest way in which to
apportion the ?@a ed system nenory between the nicrop ogessors 20 for
testing thereof is al | ocat e an_eguedt—anots mejory to each

ni croprocessor, in contiguous ptocks STNBTthe Xai | abl e system nenory.
Figure 4 shows an exa e OF y BE_&{st em nenory 10 of the
conputer system 2 shown ; I n which the nenory can be
all ocated to the m croprocessors 20’ for t he purposes of

RECEIVE START INSTRUCTION | /84
FROM BSP; AND CPU§, MEM & N

l

MEMORY TEST START ADDRESS (86
START = (CPU#—1).MEM/N

l

MEMORY TEST END ADDRESS
"END = (CPU#.MEM/N)—1 88

PERFORM MEMORY TEST NQO

FROM START TO END

l

SET COMPLETION FLAG " 92

:Qi\
@




-15- nmenory testing. In this exanple, the total anmount of nmenory, as
determ ned by the BSP during the initialization process, is four gigabytes,
and the microprocessors 20D, 20C, and 20B have been all ocated processor
sequence nunbers 1, 2, and 3 respectively. In this instance the strategy
which is enployed to partition the nenory and all ocate the nenory portions
anmongst the wposnesHors is according to the foll ow ng equatecIviseayzer t i ng
address START = (CPU# -1). MEM N ending address END = (CPU# . MEMN -1
where CPU# is the allocated processq& gfquence nunber for a processor
(beginning with CPU# = 1) MEMis the {o al menory size Nis the total
nunber of operative processors (including the BSP) For exanple, for
the case illustrated in Figure 4, the total nmenory size MEM = 1 0000 0000h
bytes (= 4 G gabytes), the total er gof processors

y_ ( gabyt es) PlGZ V. d

-

offfffffth 3

CPU# =4 (eg: CPU 20a—the BSP)
> ST, = 0c0000000h
END = offfffffth

ocoooooooh J
obffffffth h

CPU# =3 (eg: CPU 20b)
} START = oB8oooooooh
END = obfffffffh

o8oooocooh /
o7ffffffth A

L CPU# =2 (eg: CPU 20c)
ST, = o40000000h
END = o7fffffffh

040000000h /
o3fffffffh A

CPU# =1 (eg: CPU 20d)
> ST, = 000000000h
END = oJ3fffffffh

oh /
MEM = 1oooooooch BYTES
N = : GIGA BYTES
START = iCPU -1).MEM/N
END = (CPU#.MEM/N)-1

SUBSTRTUTE SHEET (RULE 26)
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N =4, and CPU 20b is allocated sequence nunber CPUgn#a3. AN h t4N
address and endi ng address for the nenory portion Mtg ;@réréms’?z 6
"testing by processor 20b is determ ned: START = 0 8 ‘AN Hdpff
ffffh According to this strategy the BSP is al ways 3%&1&5%;&97
sequence nunber (i.e.: CPU# for the BSP is N) so that the BSP al ways tests
t he hi ghest portion of system nenory. The descri bed procedure for '
al l ocating portions of nenory to the various processors is only one way in
whi ch the invention may be carried out, however, and many ot her

possibilities will be apparent to those slg.lled in the art. For exanple
al t hough the described inplenentation involves each processor determ ning

data passed 1 op e Rupd By R AToBIbA O 28 1o Biehlfin e cofpfhl?
starting addr esystem ZeafdemtesatidTbednitiplization ipstustionsofiwnrgzcan form
;25 o mati o \r)\ot 3 /agggga Tasi PPk P& @Iput 3§ stéh (BRIS)Yor the teRputér sfitedPU?, MEM
PCT/ US96/ 02720 on-vo}atile read/write memory may also be provided in order to

' store cohfiguration information for use in the initialization process,
which can be updated from one initialization to the next. |

A conventional initialization process in a multiprocessor

computer system can be viewed in three phases. In the first phase, the
system is initialized as a uniprocessor computer, with one processor
oo . (the bootstrap processor, or BSP) initializing the system. All of the
- other processors are idle in this phase. The BSP executes code from
the system ROM to initialize the shared system memory and the I/O
devices required to bring up the operating system. In the second
phase, the remaining processors are allowed to execute code to verify
their functionality under the control of the BSP. The operating system
is brought up in the third phase. One way in which a multiprocessor
system may be so initialized is outlined in the steps set forth below.

1. Following a reset condition, all of the processors in the
system execute code from the system ROM. They do a
minimum amount of  self testing and then perform an arbitration
process to determine which processor will be the BSP. The
remaining CPUs pause operation and are temporarily idle.

2. The BSP runs a self test in order to test the processor registers
and basic processing functions. The BSP also tests and initializes the
bus adapter circuiti'y for access to the global system bus, and the I/O

controller.

3. The BSP accesses non-volatile configuration memory to
locate a display device. If the configuration memory is invalid or
if it does not contain information about the display device, a
default deviceis chosen. The BSP then configures and initializes
the display device (e.g. by way of I/O controller 16) so that error
messages can be displayed if an error occurs during the
initialization process. ' '

NEENET A
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i _
-16- Furthernore, it will be recognized that it is negessanry ,f gy
processor to be allocated a single continuous bl ock%}ngsﬁlﬂaﬁ mé 0 .
In other words, nultiple, separate blocks of nermory rpyvpg, atl ogatgd. to--,
processors for testing whereby nultiple starting and éndTnbéad e&abs avé
determ ned, or sone other addressing strategy is enployed, for a particular
processor. For exanple, in a conputer system conprising two processors
i nvolved in nenory testing, one processor could be allocated even-nunbered
menory addresses and the other processor odd-nunbered addresses. Various
algorithns for testing nmenory are known tg@sthose skilled in the art, one
being a sinple wite/read/ conpare procedure. In this case, a particular

data val ue | {1 ion,..th | ocation is.th
cubecauent 1y r dagioE oCRt HEMS BE 4 sfflene ol Sy Siem B A B8 fo e dat a
written theret dAt steprifuthe BSR relehsesdthiecother peecessorsdimieropiioeessoop20Byt i ons
th t j on. i | b
fested by the 120G afld 2609 BrEiPonte ARATMGM, it deher BESASEStst FEEPUL 41 O
menory may al t SeHalestiagprosedue ioyestablish their funati .in the art. In some

cases, it may be advRlic\eRgUthe thithlizdtich aAABselOfedtiff dfihecstheg i n the
processors (step 58) the BSP is then able to determine the number of
operative CPUs _
(N, where N = 4 for the computer system shown in Figure 1) at step 60.
The BSP also probes the system memory 10, utilizing the memory
S controller 12, to determine the size of the system memory present
(MEM).

In order to enable coordination of the x_nemory testing between
the various processors 20 a register is set up, for example in the
memory controller 12, containing a flag for each processor in the
computer system 2, whether or not that processor is in fact present in
the system or, if present, operative. If a processor is not present or
inoperative, the completion flag in the register is set at step 62, and the
completion flag for each of the processors which will contribute to the
memory testing phase of the initialization is reset. The BSP then
allocates a sequence number for each of the operative processors, and
for each processor other than the BSP provides the processor sequence
number (CPU#), the total number of operative processors (N) and the
memory size (MEM) and instructs that processor to begin memory
testing (steps 64, 66, 68).

The memory testing procedure carried out by each processor
other than the BSP (i. e. microprocessors 20B, 20C, 20D) is illustrated in
flow chart 80 shown in Figure 3, and it is described hereinbelow.

Referring to flow chart 80 in Figure 3, each processor 20 other
than the BSP (20A) begins its memory testing routine at step 82,
whereupon it is aroused from its idle state upon instruction from the
BSP. At step 84 the processor receives its allocated processor sequence
number (CPU#), together with data indicative of the amount of
shared memory present in the computer system (MEM) and the total
number of operative processors present (N). This information is

AMENDED SHEET



gﬁg;rpprgcesso\rm_suﬁsyst ens 6 so that a plurality ofklgirﬂ"ﬁl ok at i’b“@@ér‘l}é
Che | ovel -two cache coul d be uti | ized Tor that pur poler MLRRr (AL 198Ve,
it is generally preferred that the level- two cache provided in processor
subsystens 6 be disabled for the purposes of nenory testing so as to ensure
that a fault occurring in the cache does not affect the results of the
menory test. Therefore, if a cache nenory is to be used for buffering
during a nmenory testing procedure, the inifialization nmethod steps which
precede the nmenory test should include t égéf ng to ensure functionality of
the cache nenory. The forgoing detailed description of an embodi nent of the
present i nvent i requires e the processonke enable ikt detessing wehigh pertigRPL ¢ VO
96/ 30831 __the shared memory in which to conduct its memory t3&hgSPRé 02720
-17- is not inten eg?or%ec sidered |l imti to the, i‘pyention defi ned
in the clains JpiOSASROT then grgeeeds to utilize the Hgta f%rwardeg \from tﬁe B%i’ to .

calculate a start address for its memory test (step 86) and an end

address for its memory test (step 88). Having calculated the start

address and end address for the memory testing procedure, the

processor then tests each memory location from start address to its end -

address, by communicating with the memory controller 12 to write

data to and read data from this memory locations, as will be described

in greater detail below. After completing the memory testing at step

90, the processor then sets the corresponding completion flag (step 92)

and again enters into an idle state while waiting for the

multiprocessing operating system to be booted (step 94).

Referring again to flow chart 50, once the BSP has started all of

the other processors on the memory testing routine constituted by

flow chart 80, the BSP then begins its own memory test (step 70).

Thus, at step 70 in flow- chart 50, there is a period of time during

which all of the processors including BSP are involved in testing of

the shared system memory 10. When the BSP finishes testing its

portion of shared memory it sets the completion flag (step 72) and

loops until all of the completion flags have been set (step 74)

indicating that every processor has finished memory testing. To

finalize the initialization procedure, the BSP tests and initializes any

further essential system resources, such as the hard disk from which

the operating system will be loaded (step 76) and finally passes control

to the operating system boot code at step 78. .

As mentioned above, access to the system memory 10 by the

microprocessors 20 in the computer system 2 are controlled through

the memory controller 12. Briefly, a request for memory resources is

made by a microprocessor 20, and if the memory location requested is

not buffered in the level-two cache (which, as mentioned, is disabled

for the purposes of the initialization memory test), a global system bus

cycle is started. The global system bus cycle is detected by the memory

controller 12, and converted into the appropriate memory bus

AMENDED SHEET



; .
-18- CLAIMS What is clainmed is: 1. In a multiple pr co@w’t
) P ten IoE: -iy$oca.t| f0272 0

system an initialization nmethod conprising the steps”of: .
respective portions of shared menmory to each of. a pl urépgm‘ﬁ3¥ﬂogi§o@7
and testing said respective portions of shared nenory in each of said
plurality of processors by time division nultiplexed access to said shared
menory. 2.) The initialization nmethod of claiml1, further conprising the
step of selecting one of said plurality of processors as a bootstrap
processor which perforns said step of allocating respective portions of
shared nmenory. 3.) The initialization mébhod of claim2, further
conprising the step of the bootstrap processor initializing resources

essential to sandnfrghtesting cIhithis SArAples TRE tbtal BnRAUirit SF¥nefioryhas ed

Temry. determined by the BSP during the initialization process, is four
gigabytes, and the microprocessors 20D, 20C, and 20B have been
allocated processor sequence numbers 1, 2, and 3 respectively.

In this instance the strategy which is employed to partition the
memory and allocate the memory portions amongst the processors is
according to the following equations: '

starting address START = (CPU# -1). MEM/N

ending address END = (CPU#.MEM/N) -1

o where CPU# is the allocated processor sequence number for a
processor (beginning with CPU# = 1)
‘ MEM is the total memory size
N is the total number of operative processors (including
the BSP) | .

For example, for the case illustrated in Figure 4, the total
memory size MEM = 1 0000 0000h bytes (= 4 Gigabytes), the total
number of processors
N = 4, and CPU 20b is allocated sequence number CPU# = 3. Thus the
starting address and ending address for the memory portion allocated
for memory testing by processor 20b is determined:

START = 0 8000 0000h
END =0 bfff ffffh

According to this strategy the BSP is always allocated the last
sequence number (i.e.: CPU# for the BSP is N) so that the BSP always
tests the highest portion of system menioty. The described procedure

for allocating portions of memory to the various processors is only
one way in which the invention may be carried out, however, and
many other possibilities will be apparent to those skilled in the art.

- For example although the describéd_ implementation involves each
processor determining its own starting and ending address on the
basis of the CPU#, MEM and N data passed from the BSP, in an
alternative the BSP may determine a starting address and ending
address for each processor and pass that information to the other
processors as well as or instead of the CPU#, MEM and N.

AMENDED SHEET



4.)  The initialization method of claim2, wherein $8°¢4j8p @foqﬁ I@)éailagu
conprises the st of said bootstrap processor comrunl‘ﬁg

each of the ot hemw of processors, wulgl\riégtf
enabl i ng each of! 1 ,’mm' d pI urality of processors to determne a
respective starti ﬂﬂ”gﬁ ml - endr ng address defining one of said
respective porti ons of sharked sne : The initialization nethod of
claim?2, wherein said step of all ocatl ng conprises the step of said
bootstrap processor determ ning, for each of said plurality of processors,
a starting address and an endi ng .address-ti®f i ni ng one of said respective
portions of shared nenory. 6.) The initialization nmethod of claim 2,
further conprising the step of passing rom said bootstrap processor
to each of the others of said plurality of processors in succession, said

data enabling SNbat i clajmedtifiers of said plurali ty of processors to

successively begin testing said resli)l EI ve ort I on ared nenory.
g) Inam e pro SSOr compu er system, an

initialization method comprising the steps of:
allocating respective portions of shared memory to each of a
plurality of processors; and
| testing said respective portions of shared memory in each of
o said plurality of processors by time division multiplexed access to said

shared memory.

2)  The initialization method of claim 1, further comprising
the step of

selecting one of said plurality of processors as a bootstrap
processor

which performs said step of allocating respective portions of

shared memory."

3.) The initialization method of claim 2, further comprising
the step of the bootstrap processor initializing resources essential to

said step of testing said respective portions of shared memory.

4)  The initialization method of claim 2, wherein said step of
allocating comprises the step of said bootstr:ip processor
communicating data values to each of the others of said plurality of
procéssors, said data values enabling each of the others of said

plurality of processors to determine a respective starting address and

AMENDED SHEET



7.)

The initialization method of claim®6, further g‘rgagggsﬁe/sﬂ@?)

sai d bootstrap processor testing one of said respectl

of ~share

20

menory after each of the ottrers—of—said plurality of p‘r‘or:é$5"of‘s ‘have begun
said testing step.

m’ i zation method of claim2, further
conprising the stepj "H nu!"m iﬂ plurality of processors setti ng a
t

respective flag in & régi sterm &
respective portions of shared nenory.
claim2 wherein the step of selecting said bootstrap processor conprises
the step of arbitrating between said plurajgity of processors to determ ne
14.) A nethod as claimed in claim1l, wherein said

step of testingg ﬁaipgagurayqﬂeyfﬁgﬁg%n%fafm& SbctivBditighs 'od Aniild | P! exed

si gnal s between sal

sai d bootstrap processor.

concl usion of testing one of said

processor s nory. con

coupl ed bet V\Benlﬁéﬁ‘gr?] urality of processors and said shared

5.)  The initialization method of claim 2, wherein said step of
allocating comprises the step of said bootstfap processor determining, |
for each of said plurality of processors, a starting address and an
exiding address defining one of said respective portions of shared

memory.

6.)  The initialization method of claim 2, further comprising

the step of passing data from said bootstrap processor to each of the

others of said plurality of processors in succession, said data enabling
each of the others of said plurality of processors to successively begin

testing said respective portions of shared memory.

7.) The initialization method of claim 6, further comprising
the step of said bootstrap processor testing one of said respective
portions of shared memory after each of the others of said plurality of

processors have begun said testing step.

8) The initialization method of claim 2, further comprising
the step of each of said plurality of processors setting a respective flag
in a register at the conclusion of testing one of said respective portions

of shared memory.

AMENDED SHEET,

-20- 11.) A nethod as clainmed in



rngrrory; and.

testin

said nmenory controller witing to and re .E( !d[)n&
respective portions of shared nmenory in response to s J\33
n}}lltiplexed signals. 15.) A nethod as clained in clalm

o]

th
nprises the step of each of said plurality of processors

communi catl ng V\ntqmmﬁmuummmm tler to effect witing to and subsequ
readi ng from subst ry | ocation of one of said respect
portions of shared rrenory, 8ait writi ng and readi ng being tinme division
mul ti pl exed as between said plurality of processors. 16.) A conputer sy
conprising: a plurality of processors coup?@®d to a bus; -21 - a firs
menory coupled to said bus; and a second nenory coupled to said bus; an

program i nstructi ons 13t)or oAl nhethedi b daimed imehaitry 2 wherdimp the step of
instructions executed by each of said plurality of

selecting said bootstrap processor comprises the step of arbitrating
between said plurality of processors to determine said bootstrap

processor.

14.) A method as claimed in claim 1, wherein said step of
testing comprises the steps of: |
passing time division multiplexed signals between said
plurality of processors and a memory controller coupled
~ between said plurality of processors and said shared
memory; and .
said memory controller writing to and reading from said
respective portions of shared memory in response to said

time division multiplexed signals.

15.) A method as claimed in claim 1, wherein the step of
testing comprises the step of each of said plurality of processors -
communicating with a memory controller to effect writing to and
subsequent reading from substantially every memory location of one
of said respective portions of shared memory, said writing and reading
being time division multiplexed as between said plurality of

processors.

16.) A computer system comprising:

a plurality of processors coupled to a bus;

AMENDED SHEET
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i
processors t

di vision nultiplexed access to said first nenory. 17.)

as cl ained
bet ween sai d
and readi ng

from sai ﬂ.'lﬂ“ﬁ J“
signals received fro

conpri si ng:
coupled to s

and sai d bus,

o0 test respective portions of said first jgehbry b -‘grre
A

n claim16, further conprising a menory controller coupi ed]é|g7
bus and sai d flrst rrermri said nenory controller witing to

response to time division nultiplexed
f processors. 18.) A conputer system
a pIurallty of processors coupled to a bus; a first nmenory

aid bus; a nenory controller coupled bet ween said first menory
said nmenory controller witi®Y to and reading fromsaid first

menory in response to tine division nultiplexed signals received from said

plurality of
initializati
of processor

processors; anfirst memonyl corpiedytocsaihbew; amd sai d bus cont ai ni ng
on instructions, said instructions executed by said plurality
s such that eaa:$ecohdsa’emqnywnapledltmsaxdrbmegadrs communi cat es

with said nmenory controller

program instructions stored in said second memory, said
program instructions executed by each of said plurality of
processors to test respective portions of said first memory

by time division multiplexed access to said first memory.

17.) A computer systeni as claimed in claim 16, further
comprising a memory controller coupled between said bus and said
first memory, said memory controller writing to and reading from
said first memory in response to time division multiplexed signals

received from said plurality of processors.

18.) A computer system comprising:
a plurality of processors coupled to a bus;
a first memory coupled to said bus;
| a memory controller coupled between said first memory
and said bus, said memory controller writing to and -
reading from said first memory in response to time
division multiplexed signals received from said plurality
of processors; and |

a seéond memory coupled to said bus containing
‘initialization instructions, séid iﬁstructions exécuted by
said plurality of processors such that each of said plurality

of processors communicates with said memory controller

AWENDED SHEET



22 means to test respective portions of said first 7 OV(E L
substantially the same tine interval. 19.) A nethod - i ng(?n!rrprg 7|2a0

myl ti pl e processor conputer_system-havi-ng—shared nenor Qﬁ’:‘ ej PR 50
ap ﬁ?af“l'@{} g’?:ﬁ

comon bus, conprising the f LGl Ng to. each of t
processors a respective sep@ﬂﬁuﬂﬂ“ﬂg@ﬂ@!sal d shared nenory; each of
said plurality of processor'sy LtNg m and subsequently readi ng data
fromsubstantially every nmenory |ocation of said respective separate
portion of nenory, the witing and reading of said data being tinme division

mul tipl exed as between said plurality of jmcessors; and conparing in each
of said plurality of processors said data witten and said data read from

sai d respective separate ' ' . - |
initialization nethod of g%alglll’ang tg te%g#%@ﬁgg%%%gﬁ%?&s%geﬁ%i ses t he
steps of each of said plupghi Eﬁbﬁénﬁﬁﬁf%é%raﬁie titde intef¥dlt i ng a first data
value to a location in one of sal
19.) A method for testing memory in a multiple processor
computer system having shared memory accessible on a common bus,
comprising the steps of:
assigning to each of a plurality of processors a respective

separate portion of said shared memory;

each of said plurality of processors writing data to and
subsequently reading data from substantially every
memory location of said respective separate poi'tion of |
memory, the writing and reading of said data being time
division multiplexed as between said plurality of
processors; and .

comparing in each of said plurality of processors said data
written and said data read from said respective separate

portion of said sharéd memory.

20.) The initialization method of claim 1 wherein said step of

testing comprises the steps of each of said plurality of processors:

(@) writing a first data value to a location in one of said
respective portions of shared memory;

(b) reading a second data value from said location;

(©) comparing said first data value with said second data
~ value; and



r’egpective portions of shared nenory; (b) r eadi ng%‘e‘ :ngz U
fromsaid |location; (c) conparing said first data 2 o1'rd
“data val ue; and -23- (d) repeating steps (a) th

substantially every location in said one of said respectlve portlons of
shared nenory. 21.) The initialization nethod of claim1, wherein said step
of allocating respective portions of shared nenory corrpri ses the steps of:
determ ning the size of said shared nenory; determ ning the nunber of said
plurality of processors; determning a respective processor nunber for each
of said plurality of processors; and detepgtning start and end addresses
defining each of said respective portions of shared nenory fromthe size of

sai d shared menory,gj he nEagEingsiiy @) Phidiighl &Y f6 substantially every
' location in said one of said respective portions of shared
memory.

21.) The initialization method of claim 1, wherein said step of
allocating respective portions of shared memory comprises the steps

of:
o, determining the size of said shared memofy;
determining the number of said plurality of processors;

determining a respective processor number for each of
said plurality of processors; and

determining start and end addresses defining each of said
respective portions of shared memory from the size of
said shared memory, the number of said plurality of
processors and the respective processor number for each
of said plurality of processors. |

22. - The initialization method of claim 4, wherein the step of
communicating data values comprises the step of determining data |
values enabling apportionment of said shared memory into said
respective portions, said data values including the size of said shared
memory, the number of said plurality of processors and a respective

processor number for each of said plurality of processors.--

N
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processor& and the respective processor nunber for each of said plurality
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(57) Abstract.

Testing of shared memory (RAM) (10) in a multiple processor computer system is achieved by partitioning the memory (10) and
allocating the memory portions to respective processors (202-20d) in the system. Each processor (20a-20d) performs testing of its allocated
memory portion simultaneously with the other processors in onder to reduce the time required to complete the memory test.




