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priority Is assigned to the speculatively executed job, a pointer referring to the allocated memory buffer Is transferred to an
iInput/output (10) device which may access the memory buffer by means of the transferred pointer. In this way, by speculatively
writing messages and signals into private memory buffers, even further parallelism can be extracted.

._:';- .
Sy SR VEEEEN
.l.!.\‘\-c.c..--.
. R r
' e [ [ [
VIR
o

C an a d a http.:/vopic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 02350466 2001-05-14

ABSTRACT

In general, the invention is directed towards a multiprocessing system in which

jobs are speculatively executed in parallel by multiple processors (30-1, 30-2, ..., 30-N).

By speculating on the existence of more coarse-grained parallelism, so-called job-level

parallelism, and backing of to sequential execution only in cases where dependencies that
prevent parallel execution of jobs are detected, a high degree of parallelism can be
extracted. According to the invention a private memory buffer is speculatively allocated

for holding results, such as a communication message, an operation system call or a new

job signal, of a speculatively executed job, and these results are speculatively written

directly into the allocated memory buffer. When commit priority is assigned to the
speculatively executed job, a pointer referring to the allocated memory buffer is
transferred to an input/output (10) device which may access the memory buffer by means
of the transferred pointer. In this way, by speculatively writing messages and signals 1nto

private memory buffers, even further parallelism can be extracted.




10

15

20

25

30

CA 02350466 2001-05-14

WO 00/29941 PCT/SE99/02063
1

IMPROVED RESULT HANDLING
IN A MULTIPROCESSING SYSTEM

TECHNICAL FIELD OF THE INVENTION

BACKGROUND OF THE INVENTION

With the ever-increasing demand for improved processing capacity in
computer or processing systems comes the need for faster and more efficient
processors. The conventional approach for Increasing processing capacity

relies on the use of higher and higher clock frequencies and faster memories.

A common way of increasing the processing capacity of a processing system,
especially without modifying the application software, is to use so-called .

superscalar processors, which explore fine-grained parallelism found between
neighboring instructions. In a superscalar processor, the functional units

Instructions in parallel. This is sometimes referred to as instruction-level

Another way of increasing the processing capacity is to build the processing
System as a multiprocessor system, i.e. a processmg system with multiple
processors oﬁerating In parallel. Some processing systems achieve high
performance processing through an architecture known as Symmetrical Multi
Processors (SMPs). In contrast to the fine- grained parallelism achieved by a
Superscalar processor, the SMP architecture exploits coarse-grained
parallelism that is either explicitly specified in programs designed according to
concurrent programming principles, or extracted from programs designed for
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sequential execution on a single-processor System during compilation. In an
SMP architecture, each one of several tasks is carried out on a respective one

of several processors. These tasks are mutually concurrent processes or
threads.

Annual International Symposium on Computer Architecture, Santa
Margherita, Ligure, Italy (1993), a so-called multiscalar processor 1s described.
In the multiscalar model of execution, a control flow graph (CFQG)
representing a static program with regard to control dependencies is
partitioned into tasks, and the multiscalar processor walks through the CFG
Speculatively, taking task-sized steps, without pausing to inspect any of the

head is the only task that is guaranteed to be non-speculative, memory
operations carried out by all units, €xcept the head, are speculative.

manages tasks which have been completed. The scheduling processor acts on
request to schedule new tasks by building a task control block and storing

that block in the shared memory at a particular memory location. A pointer to
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U.S. Patent 5,781,763 discloses a processor in which instructions are executed

speculatively. The processor has multiple superscalar execution units

dedicated to predetermined operations so that instruction-level parallelism is
obtained.

U.S. Patent 5,560,029 discloses a data processing system with a

synchronization coprocessor used for multi-threading purposes

’ , 1.e, retired, in order,
and the speculatively executed jobs await priority to commit memory write

. S
and signal sendings.
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restarted. Normally, results of
speculatively executed jobs are held in intermediate memory locations and at

10 results are written into the real locations. If speculation fails, the real locations
are restored by using the history log to reinstate the old data. If speculation
succeeds, the speculative data is already in proper place in the real locations
During development of such a processing system it has been realized that

15

25

It 1s another object of the invention to provide an efficient method for handling
results in a multiprocessing system.

These and other objects are met by

the invention as defined by the
30  accompanying patent claims.
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input/output device which may then access the results from memory buffer

by means of the transferred pointer. This mechanism supports speculative

This by itself means that more parallelism is €xtracted, since not only the

execution of the corresponding job is performed speculatively, but also the

)

thereby spreading out the transmission of data in time and lowering the
bandwidth requirement.

For hardware implemented speculation using specialized hardware, it is not
necessary for writes to the allocated memory buffers to go through the

hardware queues used for holding speculative states of variables, reducing the

pressure on these hardware queues.

For software implemented speculation using standard off-the-shelf

tucroprocessors, the code for doing speculative writes is substantially reduced
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It has also been realized that Speculative writes of new records and objects

directly into allocated private memory buffers in the main memory can be

However, the mechanism according to the invention is generally not
customized for speculative writes of variables, since the locations of non-
speculative states of variables can not be private memory locations but must

be shared memory locations.

The invention offers the following advantages:

- A high degree of parallelism is provided;

- Overhead for speculative execution IS minimized - accesses to
speculatively allocated memory buffers do not need support for roll-backs
and dependency checks:

- Bandwidth requirement is reduced;
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Fig. 1

Invention:

1s a simplified diagram of a general processing system according to the

10 Fig. 2 is a schematic flow diagram of a method for handling

results generated
by speculatively executed jobs according to the invention:

Fig. 3 is a schematic diagram llustrating a processing

system according to a
preferred embodiment of the Invention; and

15

Fig. 4 is a schematic diagram llustrating a processing system according to
another preferred embodiment of the invention.

20

For a better understanding of the Invention, the general principles for

Speculative result handling according to the invention will now be described
briefly with reference to Fig, 1.

235
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symmetrical multiprocessors to execution pipelines realized entirely in
hardware. The dependency checker 35 is configured to detect data
dependencies between the Speculatively executed jobs and the Jjob with

commit priority to determine whether the speculative executions succeeded

Dependency checking may be realized in any of a number of ways. For

example, by means of an address comparison method or a variable marker

method as will be described later on.
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the allocated memory buffer is thus transferred to the [/O-device 10. The main
memory 40 1s shared by the I/O-device 10 and the processors 30-1 to 30-N so

the 1/0-device 10 can retrieve the communication message by means of the

transierred pointer.

The pointer can be transferred to the 1/O-device in any of a number of ways.

For example, three basic procedures of transferring the pointer to the I / O-

device are outlined below:

1) At commit, the pointer is written directly from the relevant processor to
the I/O-device;

1) At commit, the pointer is written into a memory means which is checked
for pointers by the I/ O-device.

ui) The pointer is speculatively written into an Intermediate memory location,
and at commit, the pointer is transferred from the intermediate memory

location to the I/O-device.

If a dependency is detected indicating that the speculation failed, the allocated
memory buffer is simply deallocated, enabling fast recovery.

By supporting not only speculative execution, but also speculative allocation of
buffers for communication messages, new job signals and OS calls, parallelism

1s exploited even further.

The invention is also applicable to speculative writes of new records in a
functional programming language or new objects in an object oriented
programming language. In this case, a new record or object generated by a
speculatively executed job is speculatively allocated a private memory buffer in
the main memory, and written into the private buffer. If speculation fails, the
private buffer is simply deallocated. On the other hand, if speculation
succeeds, the new record or object is already in place in the main memory at
commit, and no further transfer is necessary. The new record /object can be

utilized by handing over the correspondinig pointer to shared memory - for
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messages and job signals, and memory buffers for records/ objects are

conveniently allocated from a memory area called a 'heap'. For ordinary
programming models, for example in the case of a C program executing on a
Unix system, there is normally one heap per process so that different programs

will not be able to destroy each others data. Fach memory buffer then have to
be returned to the heap from which it was allocated.

are converted to non-speculative states at commit.

If a speculatively executed job does not generate any variable states, but only
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If application software written for a single-processor system is to be migrated
to and reused in a standard multiprocessor environment, the application
software can be transformed via recompilation or equivalent. For example, a
sequentially programmed application software may be automatically
transformed by adding appropriate code for supporting speculative execution,

including code for dependency checking and code for storing a copy of

according to an order allowed by the programming model. For example, the

Jobs are commiitted, i.e. retired, according to a global order of creation. In step

102, private memory buffers are speculatively allocated for holding results of
speculatively executed jobs, and in step 103 the speculative results are written
into the allocated memory buffers. Durning execution, dependency checks are
made on data variable accesses, as indicated in step 104. If no dependency is
detected (N) for a speculatively executed job, the pointer to the corresponding
memory buffer is transferred to the I/O-device when commit priority finally is
assigned to the speculatively executed job (step 105). On the other hand, if a
dependency is detected (Y), the corresponding job is flushed and the allocated

memory buffer is deallocated (step 106) and execution of the job is restarted
(returning to step 101). |
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Fig. 3 1s a schematic diagram lllustrating a simplified processing system

ring 42 for storing pointers to the buffers. Normally, a job is initiated in one of
the processors, either periodically or at Interrupt when a new message arrives
to check the receive ring 42 for pointers to messages that have been written

Into the receive buffers 41 by the network controller 10. If a pointer to a

iree buffers. Advantageously, each processor 30 has its own so-called "free list"
32 of pointers to free buffers in the common pool, thus logically partitioning

the common pool of buffers into a number of smaller processor-dedicated

30-2, respectively, or allocated in the main rhemory 40.
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head of the free list.

Advani:ageously, the memory ring 46 is configured as a descriptor ring
allocated in a memory shared by the processors 30 and the network controller

10. The actual sending of a message 1s initiated by transferring a descriptor

from the free list 32 of the corresponding processor 30 into the descriptor ring

46 at commit. Preferably, each descriptor includes a) the address to the
message buffer (the actual pointer), b) the length of the memory buffer and c)
status information indicating the condition of the buffer. For example, the

For general information on buffer management using descriptor rings,
reference is made to the AMD PC net-FAST chip AM79C971 data sheet pPp o8-
63.

Using one pool per processor is an optimization that gives a very simple
procedure for returning buffers at flush - allocation of buffers and returning

buffers can be performed in ‘parallel by several processors, and no
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SO Fig. 4 is a schematic diagram lllustrating a processing system according to
another preferred embodiment of the invention. The processing system

basically comprises an I/O-device 10 in the form of a jJob signal scheduler, and
a processing unit 50.

10 The job signal scheduler 10 includes an Input/output unit 11, a job signal
memory 12, a pointer memory 13, a memory interface 14, a TPU unit (To-
Processors Unit) 15, an FPU unit (From-Processors Unit) 16 and a control unit
17. The job signal scheduler 10 receives job signals from external units as well
as from the processing unit 50, and schedules the Job signals for processing.

15
The input/output unit 11 receives job signals from external units such as

regional processors and other peripherals and distributes them to the job

signal memory 12 via the memory interface 14. Since job signals from external

20  event-driven. The job signal memory 12 1s either a special purpose memory or

signal memory is shared by the scheduler 10 and the processing unit 50. The
job signal memory accommodates a pool of memory elements for storing job
signals and communication messages bound for external units. Preferably, the
25 job signal scheduler 10 executes most of its operations on pointers to job

signals and communication messages instead of on the signals themselves.
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In Fig. 4, single lines generally represent pointer signals P, and double lines

represent job signals/communication messages S or data signals D.

The pointer memory 13 is normally partitioned into a number of separate
memory queues (indicated by the dashed boxes in Fig. 4). By using several
queues, instead of just one, it is possible to handle priorities; pointers with
different priority levels are stored in different Imemory queues. When a new job
signal arrives to the job signal scheduler 10, priority level information included
in the header of the job signal is analyzed and the memory queue into which
the corresponding pointer should be placed is identified. Next, the job signal S
Is written into the job signal memory 12, and the pointer P is placed in the
selected queue in the pointer memory 13. The queues in the pointer memory

13 are normally organized as first-in-first-out (FIFO) queues, which are served

1n order of priority.

1s forwarded to the TPU unit 15. The TPU unit 15 reads the memory element in

the job signal memory 12 indicated by the pointer P to fetch the relevant job
signal, and sends the retrieved job signal S to the processing unit 50. In this

processing unit 20 according to the scheduling order in the pointer memory
13.

L o |

Preferably, the job signal memory 12 and the pointer memory 13 are

implemented in a common memory, for example the main memory 40.

Preferably, the interrupt handling in the job signal scheduler 10 should be able
to mitiate an interrupt of jobs in the processing unit S0 if a job signal of higher
priority level is sent from the scheduler 10 to the processing unit 50.
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Preferably, the processing unit 50 processes job signals of only one priority

level at a time. Signals of higher priority levels from the Job signal scheduler 10

The processing unit 50 includes a job signal queue 20, a plurality of

processing elements/processors 30-1 to 30-4, a combined dependency checker

example, the processing elements 30-1 to 30-4 are preterably in the form of

execution pipelines. Therefore, the processing elements will be referred to as

execution pipelines in the following.

The job signals from the job signal scheduler 10 are buffered in the job queue
20, which has a number of storage positions for storing the job signals. Each

Job signal is stored together with additional information in a respective storage

position of the job queue 20.

generally making the job signal self-contained. Preferably, the software code is
pointed out via one or more table look-ups. This generally means that the

pointer actually points to a look-up table entry, which in turn points to the
software code. The signal body could be a signal message from an external unit

such as a regional processor or another processor.
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A job may be defined as the instruction stream specified by the signal header,
and the job starts with the reception of the job signal and ends by the calling
of an end-job routine. It should however be noted that the job signal itself
normally does not include any Instructions, only a pointer to Instructions in

the software code stored in the program store 43, and operands required in the

execution of the instructions.

Preferably, the execution pipelines 30-1 to 30-4 “fetch” job signals from

executed. At all times during parallel job €xecution, only one job signal in the
job queue 20 is in commit position, allowing the execution pipeline to which
the job signal is assigned to commit/retire the corresponding job. The jobs in
the other execution pipelines are executed speculatively and may be flushed if
a data dependency is detected by the dependency checker 35.

implemented. The commit order between Jobs is normally defined by the arrival
to the processing core and will generally not be changed. However, in a
processing system handling job signals of different priority levels, it may be
useful to put.a job signal of higher priority level before job signals of lower
priority so that the commit order between jobs of the same priority level is

defined by the arrival to the processing unit 50.

In general, each execution pipeline comprises circuitry for fetching instructions
from the program store, decoding the instructions, executing the instructions
and performing memory write back and signal sendings. An example of a
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speclfic execution pipeline that can be used by the invention is the pipeline in
the Ericsson AXE Digital Switching Systems.

10 The job queue 20 is normally an ordinary queue with a number of storage

15 number of fields, for example as described in Table I below.

Table I

Valic It set, the storage position contains a valic jok
signal '

Taken It set, the job signal has been assigned to an
execution pipeline

Finishec It set, the corresponding job has been executed to
completion, but not committed

Pipe 1d &|[Represents the ic entity of the pipe hand] g the

Job id job signal, and the identity the job signal is given
~ in the pipe.

Signal € signal header and data

The field 'Valid' is used for indicating whether a storage position contains a
20  valid job signal or not. When a Job signal is received from the job signal

scheduler 10, it is placed in the first free position of the job queue 20, i.e. a
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The field 'Taken' is used for indicating whether the Job signal has been
assigned to a pipeline or not. When a job signal in a storage position of the job

queue 20 1s assigned to an execution pipeline, the Taken flag for that position
1s set to indicate that the job signal has been assigned.

The field 'Finished' is used for Indicating that a job has been speculatively
€xecuted to completion, and the field Pipe id & Job id' is used for indicating
the identity of the pipe and the identity the job signal and/or the

now ready to fetch a second speculative Job signal. The first job is assigned the
job id "1" of the pipe in question and the second job to be €xecuted in the pipe
1s assigned the job id "2". If the pipe finishes the second job before it receives
commit priority, a third speculative Job may be executed, and so on. In

Preferably, the job queue 20 is associated with a pointer that points out which
storage position in the job queue 20 that is in commit position. The job signal
In commit position has commit priority, and the execution pipeline handling
this job signal is enabled to perform memory write-back and commit signal
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sendings have been committed, the position is released by clearing the Valid
flag and the job queue 20 is stepped by conventional means to move a new
position into commit position, thus successively assigning commit priority to
the job signals in the job queue.

The functions for handling the job queue 20, such as writing information into
the job queue fields and successively assigning commit priority to the job
signals, are preferably controlled by software, e.g. in the form of a micro code
Instruction program or an assembler program. Other functions in the
processing system, such as handling flushes, controlling the write queue

arrangement and controlling the scheduling mechanism, may also be

implemented in software.

the write address to the data store is compared to the read addresses in the
read buffers RB to see if there are any data dependencies between the jobs.

This comparison is generally performed in an address comparator. If data read

the job gets commit priority. Preferably, the write queue arrangement 35
comprises a number of separate write queues, one write queue WQ dedicated

to each one of the execution pipelines 30-1 to 30-4. For high performance, the

TeA I b,
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priority, the write queue entries that belong to the job in question are

immediately written into the data store 44. However, a commit job in execution

| dependency checking.

Alternatively, the write queue arrangement 35 is in the form of a single

execution pipelines in a round-robin fashion. In a round robin, the pipelines
can be regarded as arranged 1n a circular loop, which is traversed step by step.
For example, this arrangement greatly simplifies the management of the
commut position at the pipeline and write queue side. When the next job signal

In the job queue 20 is moved into commit position, the corresponding

write queue WQ dedicated to the identified pipeline are committed.

According to the invention speculatively generated job signals and
communication messages are written directly into the job signal memory 12
via the FPU unit 16 and the memory interface 14. Only pointers to the mermory
areas 1n the job signal memory 12 where the corresponding job signals and
messages can_ be found are stored temporarily in the write queues WQ, and

transierred to the pointer memory 13 via the FPU unit 16 and the memory
Interface 14 at commit.
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the write queues are off-loaded fast at commit since only pointers are

e = byrd v .y -




10

15

20

25

30

”m

CA 02350466 2001-05-14

WO 00/29941 PCT/SE99/02063
23

for example to prevent blocking of the bus interface between the processing

unit 50 and the job signal scheduler 10. The processing unit 50 must then

Increment the address between bursts, and send the iIncremented address at
the start of each burst.

comparison method. Alternatively, however, dependency checking may also be
accomplished by a marker method, where each processing unit marks the use

of variables in the main memory, and dependency collisions are detected based
on the markings.




10

15

20

25

30

CA 02350466 2001-05-14

WQ 00/29941 PCT/SE99/02063
24

CLAIMS

1. A processing system comprising:

- multiple processors (30) for speculative execution of jobs;

- means for assigning commit priority to the jobs, one job at a time;

- means for s;)eculatively allocating a private memory buffer for holding
results of a speculatively executed job;

- means for transferring a pointer referring to the allocated private
memory buffer to an input/output device (10) when commit priority is

assigned to the speculatively executed job.

operation system call or a job signal representative of a new job.

3. The processing system according to claim 1, wherein the input/output

device (10) is an input/output processor, a network controller, an Ethernet

circuit or a job signal scheduler.

4. The processing system according to claim 1, wherein the private memory
buffer resides in the main memory (40) of the processing system or another
memory shared by the processors (30) and the Input/output device (10) such

that the input/output device (10) can access the results by means of the

transferred pointer.

S. The processing system according to claim 1, wherein each processor has

its own private pool (45) of memory buffers from/to which it allocates and

deallocates memory buffers.

6. The processing system according to claim 5, further comprising means for

filling the private pools (45) of buffers with more buffers from a common pool of




10

15

20

25

30

»

CA 02350466 2001-05-14

WO 00/29941 PCT/SE99/02063
25

bufters, and releasing buffers from the private pools (45) into the common pool

at high /low watermarks in the private pools (45).

7. The processing system according to claim 1, wherein each processor has

its own list (32) of pointers to free memory buffers within a pool (45) of

the head of the list of the corresponding processor.

8. The processing system according to claim 1, further comprising:

- means (35) for detecting a dependency between the speculatively
executed job and the job with commit priority; and

- means for deallocating the speculatively allocated memory buffer in

response to a detected dependency.

9. The processing system according to claim 1, wherein said transferring
means comprises means for writing, when commit priority is assigned to the

speculatively executed job, the pointer into a memory means (46} which is
checked for pointers by the 1/0-device (10). '

associated with the pointer.

N

11. The processing system according to claim 9, wherein the mMEmory means

(46) is a ring structure allocated in the main memory (40) of the processing

System, and the pointer is written into a position of the ring structure (46).

12. The processing system according to claim 1, further comprising means

for speculatively writing the pointer to a memory means (WQ), and wherein
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speculatively executed job.

13. The processing system according to claim 12, wherein said memory

means (WQ) is a write queue implemented as a hardware queue or allocated

in the main memory (40) of the processing system.

signals for processing by the multiple processors, said job signal scheduler
having a job signal memory (12) for storing job signals:
- the allocating means speculatively allocates a private memory buffer

In the job signal memory | 12) for holding a new job signal generated by a

15. The processing system according to claim 14, wherein each job signal

and its corresponding pointer are associated with priority level information,

and the job signal scheduler (10) comprises:

- a pointer memory (13) for storing pointers in order of arrival and
according to the priority level information to obtain a scheduling order; and
- means for forwarding job signals from the job signal memory (12}

for processing by the multiple processors (30) according to the scheduling
order in the pointer memory (13). ’

16. The processing system according to claim 15, wherein the transferring

means transfers the pointer into the pointer memory (13) to thereby put the
pointer into the scheduling order. |
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17. A method for handling results in a processing system, said method
comprising the steps of:

- speculatively executing (101) jobs in parallel:

- assigning commit priority to the jobs, one job at a time;

- speculatively allocating (102) private memory buffers for holding
results of speculatively executed jobs;

- transferring (105), when commit priority is assigned to a speculatively
executed job, a pointer referring to the corresponding allocated memory
buffer to an input/output device (10) which accesses the corresponding

allocated memory buffer by means of the transferred pointer.

18. The method for handling results according to claim 17, further
comprising the steps of:

- detecting (104) dependencies between speculatively executed jobs and
the job with commit priority; and

- deallocating (106), if a dependency is detected for a speculatively
€xecuted job, the corresponding speculatively allocated memory buffer.

19. The method for handling results according to claim 17, wherein results
of a speculatively executed job is in the form of a communication message,

an operation system call or a job signal representative of a new job.

20. The method for handling results according to claim 17, wherein the

input/output device (10) is an Input/output processor, a network controller,

an Ethernet circuit or a job signal scheduler.
21. The method for handling results according to claim 17, wherein said
transferring step includes the step of writing, when commit priority is

assigned to the speculatively executed job, the pointer into a memory means

which is checked for pointers by the 1/O-device.
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22. The method for handling results according to claim 17, further
comprising the step of speculatively writing the pointer to a memory means
(WQ), and wherein said transferring step (105) includes transferring the

pointer from the memory means (WQ) to the mput/output device (10) when

commit priority is assigned to the speculatively executed job.

23. The method for handling results according to claim 17, wherein said step
of speculatively executing jobs is performed by multiple processors (30}, and
said method further comprises the step of associating each processor with

its own private pool (45) of memory buffers from/to which the processor

allocates and deallocates memory buffers.

24. A processing system comprising:

- multiple processors (30) for speculative execution of jobs;

- means for assigning commit priority to the jobs, one job at a time;
and

- means for speculatively allocating a private memory buffer in the
main memory (40) of the processing system for holding a new record or
object generated by a speculatively executed job so that the new record or
object already is in place in the main memory (40) when commit priority is

assigned to the speculatively executed job.

25. The processing system according to claim 24, further comprising:

speculatively executed job.

26. The processing system according to claim 24, further comprising:

- means (35) for detecting a dependency between the speculatively
executed job and the job with commit priority; and

- means for deallocating the speculatively allocated memory buffer in

response to a detected dependency.
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