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| | e State Specific » | Cde |
63 62 61 Format 1 T U
| - P »| Cie |
Format 2
|- Xdword Address >}<ﬁ%1>]
Format 3
Contents of Value Field (by bit position)
State | Format Description 63 ; 62 | 61 | Bits 61 through 3 i 2 I 1 | 0 | Relevance
Special Values )

U 1 Uninitiatized ool o Unused 0{0| Both
EC 1 Exception/Error Code 0 1 0 Unused 0]0| Both

E 1 Empty 00 1 Unused 0|0 Both

Special Access
L 1 Locked i 1 1 | Optional info on locking proces- |00 Mem
sor, locking request, or copies of
the original memory location

TOA 2 Trap on Access Information for Trap Procedure (1| Mem

FP 3 Forward Value Xdword Address 111{0] Mem
FVF 3 Forward Value and Leave Full Xdword Address 010|1] Mem
FVE 3 Forward Value and Leave Empty Xdword Address 110{1| Mem
FVL 3 Forward Value and Leave Locked Xdword Address 010 Mem

Integration with Threads
PR 1 Pending Reply 1 0 0 | TP ofRequesting Instructionor [0{0 Reg
{partial) virtual address of location
being accessed

BPR i Blocked Pending Reply i 4] 1 as with PR 010 Reg
BPD I Blocked Pending Data | 1 0 Optional value source 010 Reg

FIG. 11
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S: size of operand

A address of memory location against which operation should be performed.

R: address of memory location to receive reply from operation (usually a register}
ID: data to be written to target value field
X: extension bit to be written into tarpet extension bit.

F: forwarding flag that indicates whether or not this request can be forwarded on an xdword in an FP state.

M: mask to use for subword writes,

(O: operation to be used in amo read-compute-write sequence.

[E: EMS fork enable - when enabled and an error code is appropriate, a local thread is to be created to handlle it.

Command Arguments | Originator | Function Reply?
. 'Reads from Memoxy
read AR,8,FE | LWPinstr | Obtaincopy of value field of designated memory and meturn to requesfor|  yes
via reply. Target must be in full state.
read&empty | A,R,S,F E LWP instr As with read, but leave memory xdword in empty statte yes
read&lock AR S, F LWP instr As with read, but leave xdword in locked state, and return a copy of yes
those parts of the target that are modified by the locking process.
readx AR, S, F LWP instr As with read, but ignore the state of the target locatiom and return yes
unmodified copy of value field, as is. Corresponds to :a classical mem-
ory read.
Writes to Memory
write AR, D,F,M,| LWPinstr Place data into target’s value field, and set state to Full. Retumn result of yes
E operation as a reply to requestor.
write_on_empty | A,R,D,F,M | LWPinstr | As withwrite, but target must be in empty state first, yes
writex AR, D, X LWP instr Ignore current state and overwrite entire xdword. Corresponds to a clas/] yes
sical write.
reply R, D, X Memory Treat target as a thread register and write full xdword. no
Others
write reply AR X,D | LWPInstr Generate what looks like a reply to location A which should be a regis- yes
ter awaiting a value, byt generate a normat reply to semder
amo AR, 5, FD,| LWPinstr | Read and return value field as in read. Also using prowided data, com- yes
M, O bine with value field and replace in target.
amox AR, S,F,D,| LWPInstr | As withamo,but ignore state of target Jocation, and return both value yes
X.M, 0 and extension field.
A rguments:

FIG. 12
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Next State of Target Memory Location

Current read & | read & write on  write
State read | empty | lock | readx | write | empty | writex | reply | reply amo amox
 ——

3 ONC | ES T LS JONC T D LRG| XD T ORC T O T
U UNC | UNC L:S UNC F:D UNC X:D UNC UNC F:C X:C
EC UNC | UNC L:S UNC F:D UNC XD UNC UNC F.C XC
E FVER { FYERR L:S UNC F:D F:D XD UNC UNC E:C X:C
L UNC | UNC | UNC UNC UNC | UNC X:D UNC UNC | UNC UNC
TOA UNC | UNC L:S UNC | UNC UNC XD UNC | UNC | UNC X:c
FP UNC | UNC L:S UNC | UNC | UNC X:D UNC UNC | UNC X
FVF UNC | UNC L:S UNC F:D FD XD UNC UNC | UNC X:c
FVE UNC | UNC L:S UNC E:S E:S X:D UNC UNC | UNC X:C
FVL UNC UNC L:S UNC L:s L:S XD UNC UNC UNC X:C
PR UNC | UNC L:S UNC | UNC | UNC XD XD XD UNC X:C
BPR UNC UNC LS UNC | UNC | UNC XD Xb XD UNC X:C
BPD UNC | UNC L:8 UNC F:D F:D X:D UNC | UNC F:C X:C

Note: Above next state representation listed in “S:V” format, where “S” is state of the xdword and “V” is the bits
placed in what is left of the value field. Options include:

UNC: unchanged from the original contents (both extension and value)

O: the original bits in the location

D: data bits from the memory request

C: value bits compilted by a combination of the original bits and the bits from the memory request.

S: bits defined by the format of the specified state, as described in Figure 11,

R: return address from the request

X: extension bit from the memory request.

FIG. 13
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Contents of Reply to Requester

Current read & | read & write on write
State read | empty | lock | readx | write | empty | writex | reply | reply amo amox

TP T COrY ToFT 0 T OK | e | ECE ooy oo
U *EC:# | *EC:# | COPY*| COPY 0x *EC:# OK none EC# | COPY | COPY
EC *EC:# | *EC:# | COPY*| COPY 0K *EC:# OK. none EC:# | COPYY | COPY
E none none | COPY*| COPY | OK OK CK none EC# | COPY | COPY
L *EC:# | *EC:# | EC:# | COPY | *EC:# | *EC:# OK none EC:# ECH# | COPY
TOA none none | COPY*| COPY | none none 0K none none nonee | COPY
FP none- | none none | COPY | none none OK none none EC# | COPY
FVF *EC# | BC# | COPY*| COPY OK OK (914 none EC:# EC:# | COPY
FVE | *EC# | EC:# | COPY*| COPY OK OK OK none EC:# EC:# | COPY
FVL | *EC# | EC# |COPY*| COPY | OK OK OK none EC:# EC:# | COPY
PR *EC:# | *EC:# | COPY* | COPY | *EC:# | *EC:# OK none oK EC# | COPY
BPR | *ECi# | *EC# | COPY*| COPY | *EC:#t | *EC:# OK none oK EC# | COPY
BPD | *EGCi# | *EC# [ COPY*| COPY OK 0K OK none EC:i# | COPY | COPY
Note: Above next state representation listed in “S:V* format, where “S” is state of the xdword and “V* i the bits
placed in what is left of the value field. Options include:
COPY: exact copy of all bits from location
COFY™: copy of the target location, but with at least one of the bits replaced by a copy of the extension boit.
*EC: if the EMS enable option is set, don’t return the reply but start a local trap thread.
#: an appropriate code designating the particular error condition detected
OK: an “OK” status value, nominally a F:zero

FIG. 14
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Additional Operations Performed

Current read & | read & write on write
State read | empty | lock readx | write | empty | writex | reply | reply ameo amox
[ikiti— A S~ i ——
F none none none none none !Em none Raise none none none
U *EMS { *EMS none nene none | *EMS | none Raise none none none

EC *EMS | *EMS | none none none { *EMS | none Raise none none none

E none none none none | mone none none Raise none none none

L *EMS | *EMS | none none | *EMS | *EMS | none Raise none none none
TOA EMS EMS none nene EMS EMS none Raise | Raise none none

Fp Fwd Fwd Fwd none Fwd Fwd none Raise Fwd none none

FVF | *EMS | none none none | Reply | Reply | nome | Raise | nome nene none
FVE | *EMS | none none none | Reply | Reply | none Raise | none none none
FVL | *EMS | none none none | Reply | Reply | none Raise none none none
PR *EMS | *EMS | none none | *EMS | *EMS | none none none none none
BPR | *EMS { *EMS | none none | *EMS | *EMS | none | Resume|Resume| none none
BPD | *EMS | *EMS | none none none none none Raise | none none none
Note: Options include:
Raise: raise an exception in the frame which owns the target location.
Reply: generate a reply command to forward the data from the request o the address left in the target.
Fwd: forward the request unmodified to the designated location.
Resume: mark the frame which owns the target location as now an active thread
EMS: create a new thread locally, with arguments including address of target and arguments from request.
*EMS: create a new trap thread only if EMS enable option is set in the request.

FIG. 15
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Use as ALU Useas Both  Useas Targetofa| Use as Both
Use as Source | Target Register | Source and ALU Memory Source and
Register Alone Alone Target Instruction Memory Target
New Next New Next New Nex¢ New Next New Next
Current; Register| Thread |Register | Thread | Register| Thread Register| Thread | Register | Thrread
State State State State State State State State State State State
F ontinue F Continue F nonue| PR | Continue| PR M‘
8] U Raise F Continue F Raise PR |Centinue| PR Raiise
EC EC Raise F Continite F Raise PR |Continue| PR Raise
E BPD |Suspend{ BPD [Suspend| BPD |Suspend| BPD Suspend| BPD |Suspend
L L Retry L Retry L Retry L Retry L Retry
TOA | TOA Raise | TOA Raise | TOA Raise | TOA Raise | TOA Raiise
FP FP Raise FP Raise FP Raise | FP Raise FP Raiise
FVF FVF Raise FVF Raise FVF Raise FVF Raise FVE Raiise
FVE FVE Raise FVE Raise FVE Raise FVE Raise FVE Raiise
FVL | FVL | Raise | FVL | Raise | FVL | Raise | FVL | Raise | EVL | Raise
PR BPR | Suspend| BPR (Suspend| BPR |Suspend| BPR Suspend| BPR |Suspend
BPR BPR Raise BPR Raise BPR Raise BPR Raise BPR Raiise
BPD BPFD Raise BPD Raise BPD Raise BPD Raise BPFD Raiise
Notes:
Continue: Execution for this thread continues normally
Suspend: This thread leaves the active list, in a state to repeat this instruction when restarted.
Raise: raise an exception in this thread but continue execution
Retry: allow this instruction {o be retried

FIG. 16
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6 3{3|514:4|414/4]4|41414(4(3]3]3
3 2[110{9{8{716{5]4|3|2(1[0[9]8|7 81716|514{3]2]1|0
PP
E Flc|C
Exceptions un g R IR plplasisin Link Pointer R| V|V
used s 151 Ml 1 2
oV
M C
Exception Mask un A Instruction Pointer S
used! | R E
K L

TSW 1
Exceptions: sticky bits to record exception conditions as they occur
EMS: enable extended memory semantics on load/stores
PRIO: thread priority
PRIV: thread privilege level
+ D: Thread protection domain
s P: Protection value
A: thread is active/free
B: Thread is blocked
S: thread is suspended
T: Thread is to raise exception when it blocks :
Link pointer: physical memory address of next thread in list (when so linked)
FRM: floating point rounding mode
CV1: candition code #1
» CV0: condition code #2

TSW 0

* Exception Mask: bits to mask off which exception are significant
» I: when set, indicates non-maskable interrupt to be taken
» MARK: application specific thread description
¢ IP: virtual address for next instruction
» CSEL: selects which set of performance counters to use

L] *

FIG. 17
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COMPUTER SYSTEMS WITH
LIGHTWEIGHT MULTI-THREADED
ARCHITECTURES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S.
Patent Application No. 60/774,559, filed Feb. 17, 2006,
entitled “Computer Architectures with Increased Concur-
rency Capabilities,” the entire disclosure of which is hereby
incorporated by reference in its entirety.

GOVERNMENT INTERESTS

[0002] This invention was made with Government support
under a subcontract to Subcontract No. NBCH3039003
awarded by DOI/NBC. The Government has certain rights in
the invention.

TECHNICAL FIELD

[0003] Embodiments of the present invention relate to the
field of computer architecture, and more particularly, to a
lightweight multi-threaded architecture.

BACKGROUND

[0004] Over the last few decades the peak rate at which
microprocessors are able to execute instructions has
increased dramatically, thus increasing performance and
decreasing the time required to perform useful applications.
This increase has been due in large part to two separate
trends: an increase in the basic rate at which basic steps may
be carried out (termed clock rate and measured in units of
gigahertz or GHz), and an increase in the average number of
instructions that may be started from a single program in any
one of these clock cycles (termed Instruction Level Paral-
lelism or ILP, and measured in units of Cycles per Instruc-
tion or CPI, or its numeric reciprocal Instructions per Cycle
or IPC). In most cases one cycle corresponds to one clock
period (thus, N GHz corresponds to N billion cycles per
second). Both of these factors have been affected by
improvements in the semiconductor technology used to
create logic, specifically, the individual transistors are get-
ting faster and smaller.

[0005] Unfortunately, in many real systems the actual
delivered performance has not been growing at the same
rate, primarily because these same improvements in semi-
conductor technology, when applied to the memory side of
computers, has been used to increase the number of bits per
unit area of silicon chip, and not the speed of access. Thus,
there has been much discussion of the emergence of the
“memory wall.” Relatively speaking, it is taking more and
more CPU cycles for an instruction to reach across from
where it is interpreted in the chip containing the logic of the
Central Processing Unit (or CPU) to the chips containing the
memory. In general, the round trip time of such an access is
referred to as the memory latency and it is measured in clock
cycles. Today, with CPU clocks in the 4+ GHz range, and
memory up to 200 nanoseconds away, such latency may
approach a thousand cycles. It is expected that this wall will
only increase with future technology improvements.

[0006] A variety of techniques have been employed to
increase total performance by increasing the number of
activities being performed on behalf of a program by the
CPU. A first example is deep pipelining, where the basic
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CPU logic is broken into a series of smaller circuits that can
all be run concurrently on different instructions that enter the
pipeline one at a time in program order. A second example
is superscalar execution, where multiple different instruc-
tions are attempted to be started at the same time. Variations
of this latter technique include in-order execution (where
only instructions that are known to follow each other as seen
by a programmer may be launched simultaneously), out-of-
order execution (where some subset of “ready to run”
instructions are chosen arbitrarily from a pool of potential
instructions), and speculative execution (where instructions
are started even when it is not clear that the program will
want them executed).

[0007] In all of these cases, significant logic is expended
to ensure that the results computed by executing all these
instructions concurrently is the same as if the instructions
had been executed “one at a time,” from start to finish, in
program order (the order the programmer had in mind when
the program code was written). Techniques such as bypass-
ing, forwarding, or short-circuiting are used to move copies
of data computed by some first instruction directly to the
logic trying to execute some second instruction that needs
such results, without waiting for the first instruction to
complete and deposit its result in the target register specified
by the instruction, and from which the second instruction
should logically retrieve it.

[0008] The above techniques become quite difficult when
the result to be provided by some first instruction must come
from memory. The completion of this first instruction must
now be suspended for potentially very long periods of time,
as must the operation of a second instruction, and thus, any
instructions that are dependent on it. When there are many
such memory reference instructions (as there are in most real
programs), the CPU logic quickly runs out of logic to keep
track of all the suspended instructions, and thus, becomes
incapable of starting additional instructions. The CPU grinds
to a halt while the memory references are processed.

[0009] To reduce the memory latency, and thus, reduce the
time in which CPUs are running at less than peak rate due
to memory operations, caches have been introduced to keep
copies of different parts of memory in storage closer to the
CPU (usually on the same chip as the CPU). Many machines
today have two or even three levels of caches of different
sizes and speeds to help with the illusion of memory being
closer to the CPU. However, given the lengths of latencies
when the required data is not in cache, even an occasional
reference that misses the cache can severely impact perfor-
mance.

[0010] Complicating such situations is the need to keep
some order to the sequence in which memory is accessed,
particularly when instructions that are to change memory
(stores) are interleaved with those that simply wish to read
memory (loads). Most computer designs define some
memory consistency model that specifies the order in which
memory operations are to be performed in relation to the
program order of the instruction execution. This requires
additional logic, and additional, largely invisible to the
programmer, information to keep track of which memory
instructions are pending, what are the addresses of the
memory locations they are accessing, and what was the
order of these instructions in relation to program order. This
logic must know how to determine when certain memory
requests must be delayed until the completion of others, and
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when it is safe to allow operations to proceed. Such func-
tionality is often found in load queues, store buffers, etc.
[0011] The temporary storage needed to hold temporary
copies or keep track of these instruction dependencies is
generally referred to as part of the programmer invisible
machine state. This is in contrast to the programmer visible
machine state, which consists of all the registers and pro-
gram control information that persists from instruction to
instruction and is visible to, or under the explicit control of,
the programmer. Examples of the latter include the register
file, the program counter, status registers, etc. In virtually all
modern computer architectures, the invisible state signifi-
cantly exceeds the visible state in size (number of bits of
information).

[0012] Classical parallel processing tries to beat this
memory wall in an orthogonal way by building systems with
multiple CPUs and multiple memories, and writing pro-
grams that are explicitly broken into smaller subprograms
that may be run independently and concurrently, usually on
different CPUs. When each of these subprograms controls its
own memory, CPU, and other resources, it is often referred
to as a process, and the technique of running different
communicating processes on different processors is called
multi-processing.

[0013] Multi-processing generally has two major variants.
In Shared Memory systems, even though no particular
memory unit may be physically near some specific CPU, any
program running on any processor may perform loads and
stores to any memory anywhere in the system (obviously
some references may take longer than others). In Distributed
Memory systems, each CPU has its own memory (with the
combination called a node), and memory references from a
CPU are allowed only to that CPU’s memory. To commu-
nicate with a different node, a program must explicitly
manage some sort of communication via a message that is
handled by some sort of node-to-node communication
mechanism.

[0014] In many cases all the memory for a Shared
Memory Multiprocessor (SMP) is physically on the same
memory bus with all the CPUs. However, it is possible to
build machines where the memory is physically distributed
to the different CPUs, but logically accessible to all CPUs
via interconnection networks that tie all such nodes together.
Such systems are generally referred to as Distributed Shared
Memory (DSM) systems.

[0015] When each subprogram owns only its own set of
registers, and the memory and other resources are owned
and managed at a higher level, it is generally referred to as
a thread, and the technique of running multiple threads at the
same time is called multi-threading. Modern parallel pro-
gramming languages such as UPC make such threads visible
to the programmer and allow the programmer explicit con-
trol over the allocation of different threads to different parts
of the program’s execution.

[0016] Multi-threading has been implemented in a variety
of ways. Most simply, a single CPU is able to run a single
thread uninterrupted for a while, and then stop, save the
thread’s visible state, especially registers, to memory, load
the register values for some other thread into the CPU
registers, and run that thread for a while. Doing so, however,
requires that before a thread’s registers are saved to memory,
all activity associated with that thread must come to some
sort of completion, where nothing in the CPU’s invisible
state is needed to restart the thread at a later point.

Aug. 23, 2007

[0017] Keeping multiple sets of registers in the CPU, and
simply selecting which one of them will control the CPU
logic, may greatly reduce the cost of a thread switch.
However, when one thread is running, any delays due to
memory or dependencies will result in delaying not only the
current thread, but also the time at which a different thread
may be given control and allowed to execute.

[0018] With multiple sets of register files within the CPU,
additional strategies may be used to reduce dead time in the
CPU. For example, when one thread reaches a situation
where no forward progress may be made for a while (such
as all instructions from one thread are blocked waiting for a
long memory reference to resolve itself), new instructions
may be issued in support for some other thread.

[0019] Such techniques may greatly increase the amount
of internal invisible machine state within the CPU, and
usually requires adding tags to each such item to identify to
which thread (signified by which physical register file) the
state information belongs.

[0020] Simultaneous multi-threading (SMT) may take this
process one step further by allowing instructions from not
one, but multiple threads to be simultaneously in execution
within a single CPU’s logic. How and when different
instructions from different threads are issued into the logic
may be as simple as issuing a few instructions (often only
one) from one thread and then switching to issuing instruc-
tions from another thread, before the first instructions have
completed. It may be as complex as enhanced superscalar
designs, where one or more instructions from different
threads are started at exactly the same time.

[0021] In many of these designs, once a thread has had an
instruction issued into a CPU on its behalf, no more instruc-
tions are allowed to be issued for that thread until the first
one completes. With a sufficient number of threads available
to the CPU, this means that the often significant costs
associated with inter-instruction dependency checking,
tracking, and associated invisible state need not be imple-
mented. This results in a much cleaner and simpler design,
and one that may often actually drive the hardware to higher
levels of utilization.

[0022] One limitation of current multi-threaded architec-
tures that explicitly allow multi-threaded programming is
that there are usually some fixed maximum number of
threads that the hardware may support, that each of these
threads is bound to some specific node, and the threads that
are actually in use by the program are also fixed, and
managed explicitly by the program. In a real sense, each
“physical” thread has a unique name (that which identifies
the set of registers it owns) that is part of the programming
model. Thus, reallocating the physical resources associated
with a thread is an explicit high-level software function. This
includes redirecting a particular hardware thread resource
set to perform some other portion of an application.
[0023] Once multiple threads are available to support an
application, a very common next requirement is that differ-
ent threads that support the same application may very well
need to exchange data between themselves and otherwise
synchronize their behavior during the execution of the
overall program.

[0024] Synchronizing their behavior may take several
forms. Shared memory locations may be used as locks,
semaphores, or monitors to restrict concurrent access to
some critical section of code to some limited number of
threads (usually just a single thread) at a time. Threads that
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find the critical section occupied must wait until one or more
of the threads currently within the critical section exit.
Barriers are a variant of this where no thread is allowed to
pass a certain point in a program until some defined subset
of other currently active threads (usually all of them) have
also reached the same point.

[0025] Finally, there is very often a defined ordering to the
threads and what data they process. Under producer-con-
sumer programs, some thread is responsible for computing,
or “producing,” all elements of some stream of data items,
and some other thread is responsible for performing some
further computation on these items, i.e. “consuming” them.
Of course there may be a chain of such threads, with one
thread being both the consumer of one stream of data and the
producer of another. What is key here is the exchange of data
items from the producer to the consumer, since one usually
wishes to ensure that no consumer starts processing until it
is assured that the data being processed comes from the
producer in its final form, and that all producers want to be
assured that all data items generated by them will in fact be
delivered to a consumer, and usually in the order of pro-
duction. Producer-consumer semantics is the name usually
given to the mechanisms employed by the program to
guarantee these constraints.

[0026] In terms of languages, UPC has properties that
begin to dovetail nicely with such architectures, albeit
without explicit producer/consumer functionality. UPC
explicitly supports multiple threads within at least a partially
shared memory model. Each thread has an “affinity” to a
particular region of shared memory, as determined by
address, but can freely access other regions of shared
memory. Objects may be mapped into this shared memory
space so that it is known which objects are in affinity with
which threads. In addition, each thread has access to a
private, local, memory space that is inaccessible to the other
threads.

[0027] The programming language Java has some differ-
ent but again relevant properties. It has explicit support for
both the concept of threading, for relatively unlimited multi-
threading, and for both a shared and a private working
memory. However, being an object-oriented language, it
hides the underlying machine’s address space from the
programmer. Instead, Java allows virtually any object class
to have a thread definition attached to it. Thus, when an
instance of such an object is created, the attached run
method can be invoked, starting a thread that has access to
the object’s components. This thread runs until it decides to
terminate itself, although there is a mechanism for other
threads to post an “interrupt’ to the object that the thread can
explicitly test. Likewise, through appropriate method calls,
external threads can gain access to the object’s components,
and thus interact with the object’s resident thread. Finally,
there are methods that allow one thread to wait for termi-
nation of another thread, and for a thread to select its priority
for execution.

[0028] While Java doesn’t support explicit consumer/pro-
ducer semantics, it does support synchronized methods,
whereby once a method of such a type has been invoked
against a certain object, that object is “locked out” from
being accessed with a synchronized method by another
thread until the first method completes. The Java Virtual
Machine assumes one such lock/monitor for each object,
along with instructions to acquire and release them.
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[0029] Modern semiconductor technology now allows
multiple CPUs, each called here a core, to be placed on the
same semiconductor die, and share with each other caches
and other memory structure. Such chips are called multi-
core chips. A chip referred to as EXECUBE was arguably
the first such design to do this with 8 independent and
complete CPU cores on the same die, along with memory.
Virtually all modern microprocessor vendors now offer such
multi-core chips, albeit with on-chip caches rather than
on-chip memory. There is no constraint as to what kind of
CPU each core implements: pipelined, superscalar, or multi-
threaded.

[0030] A separate semiconductor fabrication technique
termed Processing-In-Memory (PIM), Merged Memory and
Logic Devices (MLD), or Intelligent RAM (IRAM), now
allows such cores to be placed on not a logic chip but a high
density memory die, greatly reducing the latency when
memory references made by the CPU are to the on-chip
memory. Again, the EXECUBE chip was arguably the first
to have done so with a DRAM memory technology.

[0031] This technique has not yet achieved widespread use
because the amount of memory typically desired per micro-
processor CPU today is much more than may be placed on
a single silicon die. In addition, when the base semiconduc-
tor technology is high density DRAM, the transistors used
for on-chip logic are often noticeably slower than those on
a die made for high speed logic.

[0032] Thus, much of what is being done classically, both
at the Instruction Set Architecture (ISA—description of the
instructions and program-visible data structures from which
programs may be constructed and what they perform when
executed) and microarchitectural levels (what are the major
building blocks of a computer and how they implement the
ISA) is increasing the amount of state information that needs
to be maintained at the site of execution of a program thread.
This increasing state is having a chain reaction effect on
computer designs: more state is added to help reduce the
apparent gap to memory, and ends up burying, deeper and
deeper into a chip and further and further from memory, the
core logic that actually does something useful, which in turn
requires more state to overcome the effects of increasing
distance. Virtually all of the predictive and caching schemes
developed over the past few decades have had such an effect.

[0033] The raw latencies get even worse when one con-
siders highly parallel systems where memory may literally
be on the other side of the machine room.

[0034] Furthermore, these memory wall problems are due
largely to a lack of re-examination of the underlying execu-
tion model: they are due to the assumption that there are at
best a very limited number of function unit blocks of logic
that perform the basic processing, that these function units
need to be separated from memory, and that the purpose of
the surrounding core logic is to transfer data to and from
such logic in the overall utilization of these function units.
[0035] This does not conform to the current state of
technology. The average personal computer today has sev-
eral thousand square millimeters of silicon, most of which is
cheap memory, and where at best a very few square milli-
meters of logic (the function units) buried in the single most
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expensive chip (in cost, power, area, complexity, etc.) are
what modern designs are trying so heroically to be used
efficiently.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] Embodiments of the present invention will be
readily understood by the following detailed description in
conjunction with the accompanying drawings. To facilitate
this description, like reference numerals designate like struc-
tural elements. Embodiments of the invention are illustrated
by way of example and not by way of limitation in the
figures of the accompanying drawings.

[0037] FIG. 1 is a schematic diagram of a lightweight
processing chip (LPC), in accordance with various embodi-
ments of the present invention;

[0038] FIG. 2 is a schematic diagram of a locale made up
of multiple LPCs, in accordance with various embodiments
of the present invention;

[0039] FIG. 3 schematically illustrates a module with a
single LPC, in accordance with various embodiments of the
present invention;

[0040] FIG. 4 schematically illustrates a module with
multiple LPCs, in accordance with various embodiments of
the present invention;

[0041] FIG. 5 schematically illustrates lightweight pro-
cessing core and memory macro on-chip relationships, in
accordance with various embodiments of the present inven-
tion;

[0042] FIG. 6 schematically illustrates an LWP subsystem,
in accordance with various embodiments of the present
invention;

[0043] FIG. 7 schematically illustrates thread manage-
ment, in accordance with various embodiments of the
present invention;

[0044] FIG. 8 schematically illustrates a memory word, in
accordance with various embodiments of the present inven-
tion;

[0045] FIG. 9 schematically illustrates a data memory
address to an aligned xdword, in accordance with various
embodiments of the present invention;

[0046] FIG. 10 schematically illustrates an instruction
address, in accordance with various embodiments of the
present invention;

[0047] FIG. 11 schematically illustrates extended memory
state encodings, in accordance with various embodiments of
the present invention;

[0048] FIG. 12 schematically illustrates memory opera-
tions, in accordance with various embodiments of the
present invention;

[0049] FIG. 13 schematically illustrates changes of
memory state as a function of operation performed, in
accordance with various embodiments of the present inven-
tion;

[0050] FIG. 14 schematically illustrates value returned by
memory operations as a reply to an original requestor, in
accordance with various embodiments of the present inven-
tion;

[0051] FIG. 15 schematically illustrates additional opera-
tions performed at target memory location, in accordance
with various embodiments of the present invention;

[0052] FIG. 16 schematically illustrates state changes for
register during instruction execution, in accordance with
various embodiments of the present invention; and
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[0053] FIG. 17 schematically illustrates a thread status
word, in accordance with various embodiments of the
present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0054] In the following detailed description, reference is
made to the accompanying drawings which form a part
hereof wherein like numerals designate like parts through-
out, and in which is shown by way of illustration embodi-
ments in which the invention may be practiced. It is to be
understood that other embodiments may be utilized and
structural or logical changes may be made without departing
from the scope of the present invention. Therefore, the
following detailed description is not to be taken in a limiting
sense, and the scope of embodiments in accordance with the
present invention is defined by the appended claims and
their equivalents.

[0055] Various operations may be described as multiple
discrete operations in turn, in a manner that may be helpful
in understanding embodiments of the present invention;
however, the order of description should not be construed to
imply that these operations are order dependent.

[0056] The description may use perspective-based
descriptions such as up/down, back/front, and top/bottom.
Such descriptions are merely used to facilitate the discussion
and are not intended to restrict the application of embodi-
ments of the present invention.

[0057] For the purposes of the present invention, a phrase
in the form “A/B” means A or B. For the purposes of the
present invention, a phrase in the form “A and/or B” means
“(A), (B), or (A and B)”. For the purposes of the present
invention, a phrase in the form “at least one of A, B, and C”
means “(A), (B), (C), (A and B), (A and C), (B and C), or
(A, B and C)”. For the purposes of the present invention, a
phrase in the form “(A)B” means “(B) or (AB)” that is, A is
an optional element.

[0058] The description may use the phrases “in an
embodiment,” or “in embodiments,” which may each refer
to one or more of the same or different embodiments.
Furthermore, the terms “comprising,” “including,” “hav-
ing,” and the like, as used with respect to embodiments of
the present invention, are synonymous.

[0059] Embodiments of the present invention provide a
class of computer architectures referred to as lightweight
multi-threaded architectures (LIMA).

[0060] More particularly, embodiments of the present
invention provide new techniques that make up the key
characteristics of a LIMA system. While in many cases a
particular implementation or bit assignment may be used for
expository purposes, a person skilled in the art will recog-
nize that other implementations follow directly from the
techniques described herein. The techniques relate to at least
three areas: enhancements to the semantics of memory, and
integrating those semantics with threads and the state of
threads that reference memory; enhancements to the ISA
that greatly reduce the state of a thread and allow programs,
especially multi-threaded programs, to leverage these new
memory semantics for expressing new levels of concurrent
operations; and enhancements to microarchitectural tech-
niques that allow programs that employ these ISA tech-
niques to actually achieve increases in true concurrency and
reductions in latencies. In addition, these techniques are
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ideally suited for implementation using modern VLSI chip
technologies such as multi-core chips and PIM chips.

[0061] The vast majority of modern computers treat
memory as some logical array of information containers
called words. Each word contains storage for some fixed
amount of information, expressed in bits. This information
may be copied or changed by a program, but as far as the
memory system is concerned, the interpretation of the bits is
totally up to the program. With one exception, the particular
values within the word have absolutely no effect on what the
memory does when presented with a read or write request
from such a program. The exception may be additional bits
that do not contribute to the information content of the word,
but rather to the reliability of the actual value being read out.
Such extra bits often go by the term of parity or error
correcting code (ECC) bits. Such extra bits may be checked
by the memory before delivering the information bits back
to the CPU, to ensure that these information bits were in fact
the ones last written into the location by the program.

[0062] In accordance with various embodiments of the
present invention, additional semantics or meaning are
added to the information present in a word, and done so in
a way that allows such interpretations to be done most
efficiently at the memory where extended latency and other
performance hampering problems may be avoided. Further,
in accordance with various embodiments, the kind of seman-
tics that are added are fundamentally different to that pre-
viously developed in that it addresses not just how the data
ought to be interpreted, but rather what is the state of the
data, and who may be waiting for it.

[0063] An earlier generation of computers often called
symbolic computers extended the concept of a word con-
taining a string of bits to be interpreted by the CPU by
adding some additional tag bits to each word in the memory.
These bits of information did not affect the string of bits
recorded in the main part of the word, but did give the
accessing CPU additional information as to how to interpret
those information bits. Such additional information, often
called metadata, told the CPU something about the repre-
sentation of the information bits as a value, or something
about how that information may be placed within a simple
data structure. In the former case, the tag indicated if the bits
represented an integer, a floating point number, or part of a
larger multi-word number. In the latter case the tag indicated
if the information was a pointer to another data structure of
some sort (e.g. to a symbol, a character string, an invisible
forwarding pointer to some other word), a list entry where
the information is one half of a list cell, or a pointer to a
combination of values and code that represents an expres-
sion that “has not yet been evaluated” (variously called a
closure, a promise, or a future).

[0064] The crux of the innovations discussed here for a
LIMA system rest in the ability to do several things: add new
capabilities and functionality that may be controlled by these
“extra bits” that are included in each word, particularly
functionality that works directly with the state of threads that
are trying to access such words; design the semantics so that
the bulk of this “interpretation” of a word and its extension
information may be moved much closer to the memory,
where it can have more immediate access to the memory
(and thus lower latency), and reduce the time when that
memory may have to be “blocked out” from access by other
requests; and permit simple mechanisms to “wake up”
computations in very short time-frames when certain events
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happen without very specialized programming, such as
polling loops, that can consume computational resources
and clog memory networks.

[0065] A key difference between techniques described
herein, in accordance with various embodiments, and other
techniques is that no extra tables are needed to contain the
additional state information, meaning that a memory refer-
ence may be handled by dealing just with the contents of the
addressed location, and not having to go elsewhere.

[0066] In accordance with various embodiments, these
new memory semantics are enabled by adding a minimum of
one extra extension bit to each word of the memory. This bit
is visible to the program in that its value both changes the
way instructions perform their actions, and in turn can be
changed by instructions.

[0067] The extension bit, in accordance with various
embodiments, may take on two values, full and extended,
that control the interpretation of the data bits in the word
when a load or store operation is performed to it. A full value
indicates that the data part of the word is in fact a normal
value as would be found in any normal memory system
today. Thus, if all of a memory’s extension bits were set to
normal, then a typical computer program would see no
difference than what one sees today.

[0068] An extended value indicates, however, that there is
currently no value in the memory word, and that instead the
bits in the word provide metadata as to where and/or when
the value to be associated with this word may be found.
[0069] In accordance with various embodiments of the
present invention, this extra bit allows some logic, separate
from the CPU functionality, to be positioned near each
distinct physical subset of memory (either on a memory die,
on a memory card interface chip, in a memory controller
chip, or even at the memory interface of a microprocessor)
to process incoming memory requests from a CPU differ-
ently depending on the value of the extension bit, without
detailed CPU involvement.

[0070] When the extension bit is set to extended, in
accordance with various embodiments, the bits within the
normal data part of the word may be reinterpreted to define
a particular state that the location may be in. In accordance
with various embodiments, these states may fall into three
general classes: the location contains a special value; the
location contains some sort of access control information;
and the location is some variation of an “empty” value that
allows for program notification when an event occurs. Thus,
in accordance with various embodiments, the code opposite
“full” is not just “empty.”

[0071] In accordance with various embodiments of the
present invention, a special value is one that in some sense
is “unexpected” by a program that has attempted to access
a memory location, especially by a read operation. Normally
a read access simply returns all the bits in the targeted word,
and returns them to a register in the program’s machine
state, where other instructions will “interpret” the meaning
of'these bits as they see fit. However, in some cases, it is very
desirable to override this program interpretation to relay
some specific information about the value. To do this, in
accordance with various embodiments, when the extension
bit of a word is set, some subset of codes within the data
word may indicate that the data returned from this word
should be interpreted by the CPU as reflecting a special
value. Such codes specify values such as, for example,
Uninitialized (U): this word has not yet been initialized to
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any value by the program. This may be particularly useful on
machine power up, when memory has never been touched,
and one wishes to prevent programs from reading memory
before some valid value has been loaded for the first time.
Error code (EC): for some reason no value for this word can
be provided, but instead an error code describing the prob-
lem is available in the data bits of the word. Empty (E):
indicating that some instruction in the program has previ-
ously consumed the value that was kept here, and any further
attempt to read a value should be delayed until a value is
provided. A write to a memory word in this state will change
it to full, and leave the data value from the write in the
word’s data bits.

[0072] There are many circumstances where it may be
advantageous to have the ability to specify some special
actions to happen when a particular memory location is
accessed. Classically this may be done by CPU-centric
mechanisms such as memory trap registers, or bits in page
tables that cover large stretches of locations with the same
triggers. The first doesn’t scale to arbitrary numbers of
words; the second doesn’t allow dynamic word-by-word
choices to be made. By including appropriate codes in the
extended memory state, both problems are eliminated.
[0073] In accordance with various embodiments of the
present invention, some examples of such codes may
include:

[0074] Trap on access (TOA): indicating that a reference
to this word shall be handled by a separate trap handling
procedure, invisibly to the requesting instruction except for
an extended response time. Additional metadata in the value
field can provide the hardware with information on which
handler to invoke. This may be particularly useful when a
program is being debugged and the programmer wishes to
know where in a program a particular word is touched. It
may also be useful for building highly responsive programs
where simple changes to memory can trigger specific
actions, without having to change the code that is accessing
the memory location.

[0075] Locked (L): any attempt to access this word by
“normal” accesses (especially writes) is to be rejected. This
is useful when changes to memory, especially to multiple
locations, need to be done in a very predictable and provably
correct fashion. All such locations can be locked, the
changes made and checked, and then the locking released.
[0076] Forwarding pointer (FP): the data to be associated
with this word is actually to be found at some other memory
location, and any access request to this location should be
forwarded to that location, without bothering the original
program making the request. In addition, this location is left
unchanged so that future requests targeting it will be for-
warded similarly. This is a particularly valuable capability
for many modern programming paradigms such as object-
oriented programming.

[0077] Forward value and leave empty (FVE): as in for-
ward, any attempt to access this word shall be forwarded to
another location, but in addition, when the request is a write,
this location should be converted to the empty state after the
forwarding has occurred. This provides a simple mechanism
to handle the most frequent producer/consumer situation,
where there is a single consumer, and that consumer has
issued a read to that location to get the next value—before
the producer has provided that value. By leaving such a
pointer in the word, when the value arrives, it is immediately
forwarded to the desired destination, without the consumer
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having to do a complex polling or other bandwidth-wasting
process to figure out when the data has arrived. However, by
changing the original word to empty, both the producer and
consumer are free (as they should be) to either deliver a new
value to the location, or come back with a request for the
next value.

[0078] Forward value and leave full (FVF): as in forward,
any attempt to access this word shall be forwarded to another
location, but in addition, when the request is a write, this
location should be converted to the full state after the
forwarding has occurred, with the value in the data field to
be taken from the write. This is similar to the forward value
and leave empty, but is most suitable for post/wait situations
such as in synchronization mechanisms where the fact that
the producer has produced the value needs to remain in
place.

[0079] Forward value and leave locked (FVL): as in
forward, any attempt to access this word shall be forwarded
to another location, but in addition, when the request is a
write, this location should be converted to the locked state
after the forwarding has occurred. This is similar to the
forward value and leave empty, but is most suitable for
situations where only single access is to be granted to some
value, and an explicit removal of the lock is performed only
after the first access has completed its function.

[0080] Another key, but separate, part of the innovations
described herein, in accordance with various embodiments,
is the purposeful integration of full/empty semantics for
memory words into the basic operation of instructions
executed by a program thread. While some of the details will
be described later herein, the following exemplary set of
extended memory states (plus the forwarding states
described earlier) provide a basis for such fundamentally
new capability:

[0081] Pending reply (PR): This memory location is part
of some active thread frame (such as a register for that
thread), and has been the target of a memory access instruc-
tion from that thread that has not yet completed. This state
will be changed when this request comes back from
memory, either with a full state or an error state.

[0082] The memory access instruction may have been
either a read-like operation, where a copy of some remote
memory location is to be copied into this location, or a
write-like operation where this location is to be filled by a
status code of some sort only where the system has ensured
that the remote memory location has in fact been changed.
[0083] For diagnostic purposes it may be appropriate to
include in the value field of this word information about the
memory request, such as either the address of the instruction
making the request (often called the Instruction Pointer or
IP), or the remote address to which the request was made.
[0084] This state becomes useful when the word is directly
accessible to some thread (particularly the owning thread),
and the program that the thread is running has requested that
it be filled with a copy of some other location. By leaving
behind a code that indicates the request is still in progress,
the thread can check as required on the progress of the
request. For systems such as very large massively parallel
DSM machines, such codes allow large numbers of “remote
references” to be made by a thread, without having to have
an expensive CPU state to track the requests.

[0085] Blocked pending reply (BPR): as in the pending
reply state, but in addition, an indication is in the word that
at some time since the request to copy a value to this location
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was made, the owning thread has attempted to read the
location, and is currently blocked from execution until the
value is provided. When the value comes back, information
in the word allows the system to restart the specified thread.

[0086] This is particularly useful when a thread finally
reaches a state where it cannot advance until the requested
value has come back. By setting this code, the thread is
reawakened when the value comes back without having to
have some computationally expensive process such as a
polling loop.

[0087] Blocked pending data (BPD): This memory loca-
tion is part of some active thread frame (such as a register
for that thread), and was initially empty before this owning
thread attempted to access it as a register value (as will be
described later), and as in the BPR the thread has reached a
point where it could not advance execution until the loca-
tion’s value has changed. Consequently, the thread is
blocked, and by leaving this state behind, the thread can be
reawakened when the location is touched by some other
access.

[0088] This state allows for full/empty semantics to be
used for producer/consumer relationships between two dif-
ferent threads, where the thread owning the register empties
the register, and provides some other thread with the address
of that register. When that other thread writes into this
register, the register’s state is changed to full. If the owning
thread had tried to consume the value before it was made
available, it would have been blocked only at the time of
access, and then reawakened when the data has been pro-
vided.

[0089] There are at least two ways of recording the
identity of a blocked thread in a location. First is as some
sort of an address that the system knows is associated with
a thread, and second, if there is some sort of one-to-one
relationship between a thread and this memory location,
then a single bit in the code can indicate the associated
thread is blocked. It is also possible to have both variations
encoded in the same word at the same time.

[0090] The innovations in ISA proposed herein as part of
LIMA, in accordance with various embodiments of the
present invention, have as their goals:

[0091] supporting increased concurrency, both in the num-
ber of active threads and in the number of active memory
references per thread,

[0092] providing threads with “locality awareness™ that
allow them to actively specify some memory region which
better fits their program’s needs in terms of such locality,
and then the ability to “move” the computation associated by
the thread to that region,

[0093] reducing significantly the cost of communicating
between threads when necessary to implement key latency-
intensive global parallel program constructs such as syn-
chronizations, barriers, and collective operations, and/or
[0094] simplifying the recording of exception information
and exception handling.

[0095] These items are done by innovations, in accordance
with various embodiments, in the following areas (several of
which overlap):

[0096] reducing the state required to support an individual
thread to the point where all of it can be moved to and from
memory simply, as necessary to free up CPU resources for
other threads,
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[0097] giving all thread registers that are programmer-
visible complete extended memory semantics, by making
them correspond to memory addresses at all times,

[0098] augmenting the ISA to directly address the
extended states of memory in general, especially to allow
very low cost synchronization between threads through
load/store access to their registers,

[0099] redefining memory operations to permit a very
relaxed memory consistency model in the hardware that
places almost no constraints on the completion of one
memory access before starting another, but still allows
simple software sequences to implement any desired policy,
[0100] wutilizing several of the extended memory states in
particular to allow threads to read and especially write to
other threads registers, and to allow thread programs to
block on registers until such writes occur, and/or

[0101] wutilizing these extended memory states to provide
detailed exception information and simplified exception
processing, without the need for additional thread state
resources.

[0102] A characteristic of a LIMAISA, in accordance with
various embodiments of the present invention, is that the
state required to execute a thread may be explicitly divided
into at least two pieces: that which is a property of all threads
that may execute on behalf of some application, and that
which is explicitly part of a particular thread’s execution.
The first includes global state information that may affect
many or all threads associated with a program. Such state
may be either visible (such as translation and routing tables,
machine identification and configuration registers) or invis-
ible (such as TLBs, caches, and other similar mechanisms).
The second includes only an all local thread state that totally
defines the correct operation of just this thread’s program
execution. By focusing on separating the two parts, and
shrinking the size of the latter, an ISA may be provided
where the costs involved with starting and managing a large
number of threads is minimal.

[0103] A LIMA ISA is further defined, in accordance with
various embodiments, so that substantially all such local
thread state is program-visible (program counter, thread
status information, working registers), with no need for
hidden state such as instruction pools, reservation stations,
or load/store queues that are required in conventional imple-
mentations to permit multiple concurrent activities.

[0104] This local thread state, in accordance with various
embodiments, is further defined to be representable to the
rest of the system as a block of memory, usually in a region
of memory that may contain many such blocks. Such a block
may be referred to as a thread frame and may be said to be
free if no thread currently claims this storage for its use. As
long as this region of memory has free frames in it, then
additional threads may be initiated. This is different from
current ISAs where registers are distinct from memory, and
may be part of an active thread only if it logically, and
physically, resides in a register file within a CPU core.
[0105] In accordance with various embodiments of the
present invention, a thread frame may thus be in one of at
least three states:

[0106] active: it contains the registers for a thread that is
free to execute instructions at the current time;

[0107] blocked: it contains the registers for a thread, but
where the execution of that thread is blocked because some
program-specified event has not yet occurred; and
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[0108] free: it does not contain any thread state, and may
be manipulated at will by the rest of the program, just like
any other block of memory.

[0109] In accordance with various embodiments, a normal
application thread is created in response to the execution of
some other instruction or short sequence of instructions in
some other thread that takes a free frame from memory,
initializes its contents to some starting condition, and then
marks the thread to the system as active. It is a property of
the ISAs defined herein that the costs of such operations are
low enough to be packaged in a very few, ideally one,
instructions.

[0110] Once started in a frame, in accordance with various
embodiments, a thread normally remains in the active state
until it either declares its useful life is over (in which case
the frame it is using becomes free), or the thread executes
some instruction that expects some event that has not yet
happened (in which case it blocks until the event occurs).
[0111] In accordance with various embodiments, being in
the active state does not mean that instructions are right now
being executed in its behalf, only that given some (hopefully
fair) scheduling policy, the thread is guaranteed at some time
in the future of having instructions executed in its behalf.
[0112] Given that a thread frame is memory, then all
registers inherit the extended memory semantics discussed
earlier herein. A key part of the innovations described
herein, in accordance with various embodiments, are that
many of these now extended register semantics are visible to
a programmer through the ISA, and provide unique func-
tionality.

[0113] It is assumed for discussion that a LIMA ISA, in
accordance with various embodiments of the present inven-
tion, looks like a fairly conventional Reduced Instruction Set
Computer (RISC) ISA in format. Registers provide operands
for function units, and are the target of those same function
units. Registers may also be used in the computation of
memory addresses, and as the source and target of stores and
loads.

[0114] Adding extended semantics to registers changes in
important ways the effects of register contents on instruction
execution. In accordance with various embodiments, when a
register’s extension bit is set to full, it functions just as a
conventional register without an extension bit does—it
provides a value to a function unit when called for by an
instruction. It may also be overwritten by a result from a
function unit.

[0115] When the extension bit of an instruction’s source
register is set to extended, however, operation of the instruc-
tion changes, depending on the state of the register.

[0116] Some example cases, in accordance with various
embodiments, are as follows:

[0117] exception code: Whatever process was in charge of
producing the value that was supposed to be found here was
unable to do so, and left a code behind describing the reason.
Depending on the ISA, detecting such a condition could
cause an exception, or perhaps propagation of an error code
to a destination of the add;

[0118] empty code: The current instruction cannot proceed
further into execution until the word has been filled. This
would typically be done by a prior instruction that explicitly
emptied a register that is also visible to some other thread,
and which will be used as a producer/consumer synchroni-
zation point; and
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[0119] pending result: As in empty, the current instruction
cannot proceed further until the word has been filled. In
accordance with various embodiments, there are at least two
uses for such a code. First, the register may be the target of
a “load from memory” instruction issued by this thread, but
which has not yet been satisfied from memory. The code
within the register in this state may then contain additional
information such as the address of the memory location
being fetched. Second, a high performance “out-of-order”
execution microarchitecture may also wish to utilize this to
indicate that the register is the target of some operation that
has been dispatched to a function unit, but that the result is
not yet available.

[0120] In the case of an error code, in accordance with
various embodiments, the thread instruction execution cycle
may decide to invoke an exception handling mechanism.
This may involve checking if the kind of exception reported
in the register should cause an exception to be raised and the
thread’s execution redirected into an appropriate exception
handler, or if the exception should be simply passed to the
operation, and “poison” whatever operation is to be per-
formed by replacing it with another exception code.

[0121] In the case of an empty or pending result, in
accordance with various embodiments, the thread has no
reason to be diverted to an exception routine, but cannot
advance properly because a needed input value has not yet
been provided. In such a circumstance, an attractive alter-
native, in accordance with various embodiments, is to
modify the state of the register to have a thread blocked
modifier on it, and suspend further instruction issues from
this thread. When the expected value arrives at the memory
location corresponding to the register (either from a function
unit or as a response from memory), the thread blocked
modified indicates that the thread whose frame this register
resides is in a blocked state, and as a side-effect of writing
the value into the target location, the associated thread state
is changed from blocked back to active. The thread restarts
at the same instruction that caused the original blockage and
the registers are rechecked. If some other input register is
also empty, then the instruction will block again until that
register also has a value. If the result that freed the thread
was in fact an exception code, then the thread will enter its
exception handling mechanism as described above.

[0122] This same testing process, in accordance with
various embodiments, may be applied to any register which
is the target of an operation specified by an instruction. If
there is an exception code in it, an exception is raised for the
instruction trying to use it. If the target register is empty
pending a return of a previously requested value, then the
thread is blocked until the value returns into the register.
This is to help prevent a race condition where an earlier
value will overwrite a later one.

[0123] In accordance with various embodiments, only
when the target register is either empty (but not expecting a
return value) or it has a valid value in it, may the instruction
proceed. If the new value can be computed trivially, such as
from a simple immediate or integer arithmetic logic unit
(ALU) operation, the target is overwritten with the new
value (with the extension bit set accordingly).

[0124] If, however, the specified operation will take a
significant period of time to compute, then the implemen-
tation may, in accordance with various embodiments, decide
to have the target’s register state set to either empty or
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pending, and if the latter, perhaps with an extended code that
says from where the value is expected.

[0125] In either case, the thread then continues with its
next instruction.

[0126] As a side-effect of the availability of the pending
state, a LIMA program, in accordance with various embodi-
ments, may issue a load instruction and be assured that the
register to hold the result of the load will not be used until
the value actually returns. In many cases it is important to
have some similar guarantees about stores. When appropri-
ate, it may not be desirable to perform some instruction
sequence (especially another store) until it may be reason-
ably assured that the first store has completed. To solve this,
one may change the semantics of a store instruction slightly.
As in a load, some register may be specified by the store
instruction to act as a target from the response from the write
memory operation. This means that this response register is
set to “pending’ when the store instruction is executed, and
the write memory operation is given the address of this
register as the target of its response when the write com-
pletes. When in fact the write completes, it returns a value
to this response register. Several options for the return value
are possible, but a very useful one is to have some “value”
such as “0” returned on a successful write, and an exception
code returned if for some reason the write fails. A “pending”
state in the register thus denotes a write still in progress.
[0127] As with ALU instructions, whenever a store
instruction is encountered during thread execution, in accor-
dance with various embodiments, all of its registers, includ-
ing this response target, are checked. If any of them have a
pending state, the thread is blocked until that register
receives a value. This helps guarantee that a response due to
an earlier operation of some sort does not improperly
overwrite the pending state to be set by this store.

[0128] If the return value from the store is an error code,
then first touch of that register will cause the exception to be
raised, in accordance with various embodiments. There are
several ways that an ISA may specify on a store which
register is to receive this response. This may include using
the register providing the write data, a separate register
specified by an extra field of the instruction, the other
register of an even/odd pair, or some fixed register.

[0129] The above discussion addresses modifications to
the semantics of loads and stores in terms of the registers
they use within the thread frame. However, if memory has
additional states, then the operation of a memory access
request from such an instruction may also be expanded to
include what happens as a function of the target memory
location’s initial state.

[0130] If that state is full, then the memory access pro-
ceeds exactly as in any conventional computer, with the
resulting state of the memory still marked as full. Other
memory states, however, require different responses, of
which several varieties are possible. The following discus-
sion provides one exemplary set of interpretations as a
function of the state of the memory when the request arrives,
in accordance with various embodiments of the present
invention:

[0131] uninitialized: reads should return an exception
code; writes simply change the state to full;

[0132] exception: either kind of operation should return an
exception code;
[0133] empty: on writes the state is simply set to full; on

reads several options are possible, ranging from returning an
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exception code, to leaving a forwarding pointer to redirect
the next write to the desired target location back in the thread
frame;

[0134] trap on access: a new thread is created (or an
existing pending one unblocked), with the parameters from
the memory access recorded somewhere where the trap code
can access them;

[0135] locked: in either case, an exception code is
returned;
[0136] forward: the memory request is forwarded to the

designated address, where it will be handled just as if it had
been targeted there to begin with. The state of the original
target location is unchanged;

[0137] forward and leave empty: just as with forwarding,
but when the memory is either in an extended state and/or a
on the first write, the state of this location is changed to
empty;

[0138] forward and leave full: as in forward and leave
empty, extended to allow different interactions with an
extended state but for the first write, also leave the value
behind in the memory location, and change its value to full;

[0139] empty and thread blocked: on a write to this
location, the value in the write should be deposited in the
location, and the thread of which this register is part should
be returned to the active state; and

[0140] pending and pending and blocked: this represents
an odd situation where the target location is a register in
some other thread frame, and that thread has issued a
memory request which is also currently in progress. A
variety of implementations are possible, with perhaps the
most direct simply to return an exception code to the thread
making the original request. What should restart such a
thread is not a write from another thread but the return of the
status from the operation triggered by this thread’s instruc-
tion.

[0141] To fully utilize the potential of the extended states
possible for memory (and registers in other thread frames
that “look like memory™), a LIMA ISA, in accordance with
various embodiments of the present invention, includes an
extended suite of memory reference instructions besides just
the conventional loads and stores described above herein.
Examples of some of these are as follows:

[0142] Load if full, load if full and leave empty: the
request is performed only if the location is full when the
request arrives, and is blocked if it is empty (perhaps
changing the state of the target to forward or forward and
leave empty). If the optional “leave empty” operation is
specified, the target is left in the empty state after a suc-
cessful read;

[0143] Store if empty: the write generated by this request
succeeds only if the target is currently one of the empty
states;

[0144] Load and Store Extended: the state of the target
location is immaterial. On a load extended a copy of all bits
including the extension are returned to the thread. On a store
extended, both a value and an extension bit are written into
the location, regardless of its prior contents; and

[0145] Atomic Memory Operations (AMO): perform
some sort of a read-compute-write at the memory location,
such as a test and set, compare and swap, add to memory,
etc. A value, usually the prior value of the location, is
returned to the requesting thread, while some new value is
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deposited in the target location. No other memory access
operation is allowed to this location while this AMO is in
progress.

[0146] In addition to loads and stores that are aware of
full/empty states of memory, a LIMA ISA, in accordance
with various embodiments, may also include options on
some or all of its more classical register-to-register instruc-
tions to modify the state of registers.

[0147] One example, in accordance with various embodi-
ments, provides instruction options on source or target
registers based on their state. For example, a use-and-empty
option on a source register resets the register to empty once
an instruction has successfully been issued and the value
passed to the appropriate function unit, or send to memory
as a store value. This provides “single use” semantics to the
value in a register.

[0148] Another example, in accordance with various
embodiments, a write-if-empty option on the target register
of an instruction may actually block the thread from pro-
ceeding until the target register is empty (rather than full as
specified previously). A program utilizing such an option
may be depending on some other thread to empty one of its
registers in some sort of a producer/consumer relationship.
A major problem with implementing such an instruction is
how to block the thread if the register is full at the beginning
of'the instruction sequence. Thus, additional state codes may
be necessary.

[0149] In addition, if registers have such extended states,
it may be worth, in accordance with various embodiments,
augmenting the ISA with instructions that explicitly test the
state, not the value, of a register. Such instructions might
include, for example:

[0150] Branch if full, branch if extended, branch if an
exception code, etc: Test the state of the specified register
and branch accordingly. This instruction does not block or
raise an exception on registers in a non-full state;

[0151] Call-if, Trap-if, etc.: Similar to the above branches,
but either perform a subroutine call or start a trap if some
register is in some state; and

[0152] Stall on Address Match (STAM): If some STAM-
specified register is still in the pending state (due to an
earlier memory operation that has not yet completed), and if
the definition of pending includes leaving an address behind
in the register, then a STAM instruction will block on that
register if an address provided by the STAM “matches” it
(where “match” may be somewhat loose if there is not room
in the pending state for a full address). If the register was
initially not pending, or there was a clear address mismatch,
then thread continues execution.

[0153] If the thread is blocked at the STAM, then any
modification to the register, especially the return of the
response from the prior memory request, will restart the
thread, and the STAM is repeated. The use of this instruction
is described in the next instruction.

[0154] One result of this kind of register-based tracking of
pending results is that a program may keep as many inde-
pendent long-duration operations pending as it has free
registers, and yet be perfectly assured that when instructions
that need the results are executed, they will in fact suspend
until the results are available.

[0155] For operations utilizing long-latency function units
or independent loads, this works very much like a highly
concurrent out-of-order superscalar machine, but without
any fancy or hidden result tag matching needed.
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[0156] For operations involving a mix of loads and stores,
a LIMA ISA, in accordance with various embodiments of
the present invention, need provide no direct guarantees as
to the relationship of the order of completion of memory
operations to the execution of other instructions within the
thread program, other than those dictated by joint register
dependencies. The only time that one memory access
instruction is guaranteed by the ISA to not issue a memory
request until an earlier operation from an earlier instruction
has completed, is if the response target register from the
earlier instruction is used as one of the registers for the later
instruction. If this is in fact the case, then the second
instruction will block until that register has received a
response from the earlier request, guaranteeing that it has
completed. If this is not the case, then the second memory
operation is not prohibited from issuing regardless of the
status of the first operation.

[0157] While explicit register dependencies may be used
to ensure a precise ordering between issuing and completing
memory operations, in many cases such constraints are too
confining, and will constrict concurrent operation unneces-
sarily. Clearly if the compiler knows that two memory
operations (such as a load and a later store) have two
unrelated addresses, then it is free to use separate registers
and at least permit the potential of concurrency in the
memory operations. If, however, the compiler cannot be sure
(as is the case many times with C-language pointers), then
other features of a LIMA ISA, in accordance with various
embodiments, such as the STAM instruction described ear-
lier, allows for a simple run-time determination of the safety
of concurrent memory operations. For example, it is
assumed that the first of two potentially conflicting memory
instructions accesses memory location A, and uses register
i as its target for the response code. It is also assumed that
the later memory access instruction will use an address B as
its target. A STAM is then inserted just before the second
memory instruction, where the STAM looks at register i and
compares it with address B. If either the first operation has
completed, or the addresses are different, then the STAM
completes immediately and the second memory instruction
is unconstrained. If there is a potential conflict in addresses,
then the STAM blocks until the operation completes.
[0158] Finally, in accordance with various embodiments,
the same mechanism used for long-latency memory opera-
tions may also be used for long-latency function unit com-
putations. This allows for a thread to continue issuing
instructions long before some lengthy logic computation can
be completed, without giving up on tracking the completion
of the result.

[0159] Threads in a system, in accordance with various
embodiments of the present invention, need to be managed
throughout their life cycle, from creation, through active and
blocked states, to termination and freeing of resources. The
following portions describe attributes of such facilities, in
accordance with various embodiments.

[0160] One of the novelties of a LIMA system, in accor-
dance with various embodiments of the present invention, is
that the number of threads that may be instantiated is
architecturally limited only by the amount of memory allo-
cated to contain thread frames. Exactly how the underlying
system keeps track of free or active frames is a property of
the underlying microarchitecture, but a requirement of a
system described herein is that it be able to do so in at least
one fashion without extra thread state.
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[0161] To do this it is assumed here that each thread frame
has at least one register that is part of the frame, and thus
known to the program, but largely untouched by normal
instructions. This register, referred to here as a frame pointer
(FP) and nominally register 0, is used to chain threads
together in linked lists. In an embodiment, an implementa-
tion that uses two such registers for doubly linked lists may
also be of value to some implementations.

[0162] It is also assumed that the underlying hardware, as
part of the global machine state, has one or more registers
that contain pointers to the heads of lists of thread frames
that are currently free, and are linked to each other via their
FP registers. Such registers are referred to as free list
registers (FLR).

[0163] Itis also further assumed that in the global machine
state are one or more registers that point to lists of thread
frames containing active threads, referred to as active list
registers (ALR). As discussed later herein, there may be
several such types of “active” thread lists.

[0164] In addition, the mechanisms described herein also
scale to implementations where there may be multiple
hardware processors (perhaps a very large number), each of
which happens to be “near” some particular chunk of
memory. In such cases, a LIMA architecture, in accordance
with various embodiments of the present invention, not only
allows each of these processing cores to have its own set of
FLRs and ALRs, but also leverages them to advantage, as
discussed later herein. Unlike the FP, however, depending on
the underlying microarchitecture and implementation, these
FLRs and ALRs may or may not actually have physical
instantiations. However, it is assumed that they do, in order
to simplify the description of the semantics of the instruc-
tions.

[0165] The basic thread creation process normally
involves the execution of an instruction or instruction
sequence that performs the following:

[0166] De-linking from an FLR an address of a thread
frame that is not in use by any other thread;

[0167] Writing into that frame a basic set of register
values, in particular an initial program counter; and

[0168] Signaling to the hardware that this new frame may
now be marked as active, and placed on a list controlled by
an ALR.

[0169] In large systems where memory and processing
resources are scattered throughout a large physical volume,
it may often be advantageous to request that a frame be
created “near” some segment of memory known to be of
direct interest to the thread that will be started in this frame.
[0170] To do this, in accordance with various embodi-
ments of the present invention, at least two kinds of thread
creation instructions or instruction sequences in a LIMA
ISA: fork and spawn are defined. A fork is location-agnostic;
creating a frame wherever it is most convenient, usually
“near” the current processor executing the fork instruction.
A spawn, on the other hand, identifies a memory address
“near which” the new thread is to be executed. Nearness in
either case may simply refer to the FLR in global machine
space that is maintained by a processor core “near” some
memory.

[0171] Spawns in general may be useful when the parent
thread knows that most of the memory operations to be
performed by the child thread will be to memory “near”
some known address (as in accessing the components of a
sequentially allocated object), and thus starting the child
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thread “near” the physical memory holding that address will
reduce observed latencies in accessing the object.

[0172] In either of the above cases, the full process of
allocating a new frame to the thread being created involves
reading an FLR, and returning its value to the rest of the
thread creation process. This process will then read out the
FP register from the frame, and place its value back into the
FLR. This provides a pointer to the next free frame from the
next thread creation.

[0173] In accordance with various embodiments, it is
important that this process of de-linking one frame and
re-linking another be atomic, that is, no two different cre-
ation events should ever receive a pointer to the same frame.
This may be done either by hardware at the FLR or by
assuming that each FLR has extended memory semantics,
and may be atomically read and locked or read and emptied.
In the latter case, a “read and empty” memory request sent
to the FLR will atomically read the pointer to the first free
frame, and leave behind a location with an empty state. The
thread doing the read may then use the pointer to read the FP
register of the designated frame, and do a write of that value
back to the FLR. If in the meantime a second request for a
free frame had arrived at the FLR, this request could be
blocked, and the state of the FLR changed to “forward and
leave empty.” In this case, the write back from the first
request will change the FLR back to empty and forward the
new value to the target of the second waiting thread, where
it can now repeat the process.

[0174] In accordance with various embodiments of the
present invention, the creation process usually transfers
some operands from the parent to the child, allowing the
child to have whatever information about the parent, such as
the address of the parent’s frame, the parent wishes to
transfer. This allows the child to communicate back to the
parent either through some shared storage or, as will be
discussed later, directly to the parent’s registers (again the
ability to have registers take on extended memory semantics
provides an extraordinary capability for this).

[0175] However, it is highly desirable for the parent to
have similar knowledge of the child, so that parent to child
communication may be performed. Given that all frames are
aliased to memory, providing the parent with the frame
address where the child is created yields such a path. If the
address is provided by the time the child is made active, then
the parent may write directly into child registers for direct
communication.

[0176] There are a spectrum of different ways that a fork
or spawn sequence may be performed via instructions in a
LIMAISA, in accordance with various embodiments. At one
extreme, the entire action may be bound up in a single
instruction; at the other a short series of simple instructions
may be possible.

[0177] At the first extreme, in accordance with various
embodiments, a single instruction may specify a target
location near which the creation should occur, a new pro-
gram counter, and some number of initial register values
(such as copies of some of the creating thread’s current
register). A response register may be identified as in a store
to receive a response to the creation event. In execution a
memory frame create request (in format much like a multi-
word store or a cache line write) is sent to the target area, a
free frame de-linked, the values in the request copied into
the frame, and the frame made active.
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[0178] At the other extreme, in accordance with various
embodiments, the same sequence may be created from a
sequence of simpler instructions. An initial AMO-like
instruction may be sent to the appropriate FLR that returns
a copy of its contents, and leaves the FLR either locked or
empty (as discussed previously herein). When the address in
the FLR arrives back in the creating thread, it may be tested
for non-null, the contents of its FP may be read via a
conventional load, and then written back to the FLR, to
either de-lock it or return it to a full state. After this a series
of writes to the new frame may initialize the registers in
whatever way the creating thread wishes. Finally, either a
new instruction initiate may then be addressed to the new
frame, with the effect of making it active, or a pair of AMO
read and write instructions may update the appropriate ALR.
[0179] A key difference between the two sequences is in
the time taken to create the new thread and in the time during
which an FLR and/or ALR is “locked out” during an update.
The single instruction case is clearly the fastest, with a total
latency approximating one round trip between the creating
site and the site of creation, plus perhaps the time at the site
of creation to read the needed free list information from the
free frame back to the ALR (microarchitectural tricks such
as making the FLR some sort of pool might eliminate much
of the latter). In contrast, the simple instruction sequence
approach might require up to 6+N round trips where N is the
number of registers to be loaded.

[0180] Also, the fact that the single instruction approach
handles the FLR and ALR updates locally, rather than via a
series of potentially remote memory operations, greatly
reduces the time during which these facilities are potentially
unavailable to other requesters. It also permits more sophis-
ticated microarchitectural approaches for maintaining lists
of free and active frames to be hidden from the program
level.

[0181] Note also, however, that in the latter case of
multiple simple instructions, the FLR need not be a hard-
ware register, but simply some memory word.

[0182] Intermediate implementation approaches are also
possible, in accordance with various embodiments of the
present invention, where only a bare minimum of informa-
tion is transferred by the specialized instructions, but the
locking times for the FLR and ALR updates are still kept
low. A particularly useful version is where all but the actual
initiation happens. This allows the same mechanism to be
used for dynamic storage allocation in units of frames.
[0183] In any case, the extended state capability and the
ability to address a thread state as memory become useful for
permitting a spectrum of simple and elegant creation mecha-
nisms, in accordance with various embodiments.

[0184] Even with a large memory-based pool of thread
frames, it is possible that at some point in time there are no
available frames at the time a creation instruction sequence
is executed.

[0185] For the “sequence of simple instructions”
approach, the program in the parent thread explicitly
inspects the contents of an FLLR, and as such may determine
when there is no free frame.

[0186] For the single instruction approach to thread cre-
ation, in accordance with various embodiments, a comple-
tion code may be returned to the requesting thread’s
response register, just as in a store, except this time the value
returned after a successful creation should be the address of
the new frame. Thus, the response register in the parent’s
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frame will be set to empty when the creation request is sent,
and becomes full after a successful creation, or receipt of an
exception code after an unsuccessful attempt.

[0187] The final act of a thread is to terminate its exist-
ence. This conceptually involves at least removing the
thread from the active state and queuing the frame back onto
an FLR. In accordance with various embodiments, a rela-
tively simple terminate instruction may do this by reading
the current contents of the appropriate FLR, placing that
value into its FP, and writing the frame address back to the
FLR. As before, updating the free list should be done
atomically, so with some LIMA ISAs there may be a series
of instructions needed to do this, with the only action of a
terminate instruction then being to remove the frame from
the active state. Where and how the frame gets queued for
reuse may thus be left entirely to software.

[0188] In accordance with various embodiments of the
present invention, an extra constraint with a LIMA ISA is
that logically a frame should not be released to the free state
until any still-pending memory requests have completed
(this is to help avoid the potential problem of a response
from a memory request coming from the now expired thread
arriving after the frame had been reallocated to another
thread).

[0189] One may assume that a terminate instruction per-
forms a check on all of its frame registers before releasing
the frame, and blocking until they are all nonempty. How-
ever, this is complex, and again a simpler solution may be
to assume a software termination sequence that progres-
sively “touches” each of its registers and blocks until they
are no longer pending. In many cases, compiler analysis of
the code leading up to the terminate instruction may be able
to exclude some or all of the registers from such consider-
ation, thus greatly shortening the sequence.

[0190] For various embodiments of the present invention,
the following definitions are made:

[0191] An exception is a report of a condition that is
unusual, such as a divide by zero, a floating-point out of
range, an illegal opcode, an illegal address, or some hard-
ware detected event; and

[0192] A trap is an unprogrammed transfer of control
usually performed in response to an exception.

[0193] For LIMA systems, in accordance with various
embodiments, there is nothing particularly critical about
exactly when and how exceptions are recorded, other than
where they are recorded ought to be in a register that is part
of the program-visible state that exists in a frame. An
implementation that mirrors many common ISAs may place
such information as “sticky bits” in part of a thread status
word (TSW) register that, like the IP and FP, is a specific
register in a thread frame.

[0194] It is noted, however, that the ability to keep a
complete exception code in a register that was supposed to
receive some value means that besides just the sticky bit in
a TSW, the design of a LIMA ISA may also want to record
in the TSW the register where an exception-causing event
was last discovered. This may allow software to explore
more deeply what was the cause of the problem.

[0195] A trap, on the other hand, represents the case where
a program has configured itself so that it does not want to
continue execution after some specific exception has
occurred. Instead, the program is to be suspended, and
control passed to another trap routine that will analyze the
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exception. This routine may be able to redo something so
that the program can be restarted, or declare a higher level
program error.

[0196] There are at least two approaches to implementing
the trap process in a LIMA ISA, in accordance with various
embodiments. First, in accordance with various embodi-
ments, detection that a trap should be taken could trigger
activities similar to a fork. A new thread in the vicinity is
created, with its IP and TSW set to those values associated
with the trap routine, and one of the trap frame’s registers
loaded with the address of the thread frame experiencing the
trap. This thread is also removed from the active list, leaving
all of its registers untouched by the trap process (but still
open for ongoing memory operations to return their
responses). The trap program is then free to do whatever it
wishes to the original frame, and if it becomes time to restart
the frame, an initiate instruction may be executed.

[0197] While this is an elegant use of the multi-threading
capabilities of a LIMA system, in accordance with various
embodiments, it does mean that the trap handling hardware
process must now worry about what to do if there are no free
frames. A second approach, in accordance with various
embodiments, that does not have this problem assumes that
instead of creating a new thread, a trap simply declares the
current thread “inactive,” and links it onto some list known
to the hardware (much like an FLR). This list head could be
polled by an independent trap handling thread that when it
detects a new entry, it de-queues the frame and performs
exactly the same sequence that the hardware-created thread
would have done. In fact, if the head of this list has extended
memory semantics, then it can normally be empty, and the
trap thread (which was started at start-up) could have
attempted to read it, and blocked when it found the location
empty. Thus, no machine cycles are used for the polling until
a frame address is written into the list head, at which time
the trap thread is restarted.

[0198] If this trap handler wishes to provide more
extended services for the trapped thread, it may then in
software create a new trap thread and pass the trapped thread
frame to that new thread.

[0199] If traps are in fact infrequent, then the response
time to this is virtually the same as the hardware-created
thread, but without the complexities of an additional thread
creation.

[0200] Lightweight threads have been described in the art
wherein a state may move from processor to processor under
program control to take advantage of lower latencies. The
state of such threads was defined as approximating the size
of a cache line transfer in a conventional system, and as
such, are about the same complexity as the light weight
threads defined above. This traveling thread model, how-
ever, has some significant differences from that described
herein. First, the thread’s registers are not memory mapped
and do not have the kind of semantics described here.
Second, in an embodiment, the thread explicitly moves itself
entirely to another location, whereas the same functionality
(and more) may be gained by spawning a new thread at the
target location, and then killing the parent thread. While
functionally no different, the practical advantage of this
spawn-die approach is that it permits a strong degree of error
checking to ensure that nothing happens to the new thread
during the transfer from one place to another.

[0201] In accordance with various embodiments of the
present invention, a system for these concepts is a highly
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parallel system where the basic building block is centered
around a single chip type that has significant amounts of on
chip memory and one or more processing cores. In accor-
dance with various embodiments of the present invention,
such a chip is generally referred to as a Lightweight Pro-
cessing Chip (LPC), and each processing core is generally
referred to as a Light Weight Processor (LWP). As may be
seen in FIG. 1, each LPC 100 may or may not be commu-
nicatively coupled to external memory 102 such as arrays of
commodity DRAM parts. In such cases, the external
memory is controlled by the LPC, and may be accessed by
any LWP 104 within the LPC. An LPC and any such
associated DRAM chips are generally referred to herein as
a section.

[0202] An LPC, in accordance with various embodiments,
may also have one or more links to other LPC chips 102,
more conventional processors 106, a network to other sub-
systems 108, or any combination thereof. In any case, a
thread executing instructions on any LWP in any LPC may
perform memory operations that may touch memory asso-
ciated with the LPC on which it resides, and ideally on
memory associated with other LPCs in the system to which
it is connected.

[0203] Ifthere is a conventional processor tied to an LPC,
it is referred to herein as a Heavy Weight Processor (HWP)
106 simply to distinguish it from the LWPs. It is assumed
that the HWP may make conventional memory references to
memory associated with the LPC. A collection of one or
more HWPs, LPCs, sections, and other chips such as routers
that allow access to a bigger network is referred to herein as
a locale or node 200 (See FIG. 2). The collection is com-
municatively coupled via a locale interconnect 202.

[0204] In locales 200 with multiple LPCs, the LPCs may
be uniformly distributed throughout the system, or they may
be arranged hierarchically, with some set of LPCs fairly
closely linked physically, such as on a common memory
module 300 much like a commonplace DIMM module (dual
in-line memory module). This may range from one LPC and
its associated DRAM chips (a section) (as may be seen in
FIG. 3) to multiple LPCs (as may be seen in FIG. 4 when
each LPC has significant on-chip DRAM). In fact, the
placement of one or more LPCs on a DIMM-like structure
may allow such a module to be substituted for a classical
“dumb” memory module in a conventional computer sys-
tem.

[0205] In any case, an exemplary model of execution, in
accordance with various embodiments of the present inven-
tion, includes the following attributes:

[0206] Any memory that is visible to a program on one
LWP in one LPC is also visible to all other LWPs in that
LPC, in that locale, and in the system (i.e. such systems form
shared address space machines);

[0207] Regardless of on which LWP a thread is being
executed, that thread is free to access any memory in the
system through memory reference instructions. The total
number of threads that may be active at any one time is
limited solely by the amount of visible memory allocated to
holding thread frames;

[0208] An active thread is guaranteed not to be starved,
that is, it is guaranteed to at least periodically reach some
LWP from which instructions on its behalf may be executed;
and

[0209] Each LWP is ideally a multi-threaded processor
capable of executing instructions from some significant
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number of active threads concurrently. Whether this is
inter-leaved or SMT is immaterial.

[0210] As may be seen in FIG. 1, an LPC, in accordance
with various embodiments, consists of one or more on-chip
memory arrays 120 or independent memory macros, one or
more LWPs 104, some number of off-chip interfaces, and
routing circuitry to interconnect all of these appropriately.
[0211] “Independent memory macro” refers to memory
circuits that form arrays of memory cells with enough
support circuitry to allow for independent operation as a
separate memory subsystem. Thus, each such memory
macro may accept a separate address, access the matching
word within the module, and present the contents back to its
interface.

[0212] Depending on the technology being used to fabri-
cate the LPC chip, and the system objectives, each such
memory macro may represent a separate region of program
visible memory as seen by the rest of the system, or as a
cache for program visible memory that is off chip, especially
for memory that may be implemented by sets of separate
commodity DRAM parts.

[0213] In any case, in accordance with various embodi-
ments, one aspect of the control logic of these memory
macros which is a bit different than that of conventional
designs is the requirement for them to perform the small
amount of processing associated with examining the
extended state of a word when it is referenced, and modi-
fying accordingly the actions taken in support of an incom-
ing memory request.

[0214] In accordance with various embodiments, the
physical relationship between individual memory macros
and LWP instances on each LPC may also vary. In a tight 1-1
relationship, as illustrated in FIG. 5(a), there may be exactly
one LWP for each independent memory macro, and the two
may in fact be directly adjoining each other so that signals
from one, especially the memory macro, may literally move
a minimum distance into the LWP to be used. This approach
minimizes area and latency delays, since a major user of the
memory’s output is literally right next door. It also allows
use of the LWP’s data flow to perform the state examinations
and modifications needed to support memory references to
the memory.

[0215] In accordance with various embodiments, a second
approach, as illustrated in FIG. 5(5), assumes that a pool of
N different LWPs may all directly access M memory mac-
ros, where M and N are not necessarily the same. This
approach costs more silicon area (for the routing and for the
state examination logic), but allows for more concurrently
executing threads to be “close” to the same memory, and
may be chosen for load balancing reasons. A chip produced
by Sun Microsystems referred to as Niagara has such an
organization of cores and memory macros (used in this case
as cache banks), but without the extended memory states. In
accordance with various embodiments, hierarchical combi-
nations (illustrated in FIG. 5(¢)) are also possible.

[0216] An exemplary implementation of each LWP 104, in
accordance with various embodiments, is assumed to com-
prise the following subsystems, as illustrated in FIG. 6:
[0217] Frame Cache (FC) 600: a cache of some active
frames from which registers can be referenced during
instruction execution. All frames in the cache have their
homes in program visible memory in a region allocated to
frames. The values in this cache are more recent than those
in physical memory;
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[0218] Frame Cache Directory (FCD) 602: a set of tags
that may be interrogated from outside logic to determine if
areference to a particular word in frame memory is currently
held within a frame cached in this LWP. Note as an alter-
native, the associated memory macros that “own” the
memory associated with each frame may keep a reverse
directory to point to the appropriate LWP;

[0219] Available Frame Pool (AFP) 604: a list of the status
of each frame in the FC, and the scheduling logic to decide
for which active frame currently within the FC new instruc-
tions ought to be executed;

[0220] LWP Instruction Cache (LIC) 606: a cache of
instructions for the currently active threads;

[0221] Decode Logic 608: logic that decodes instructions
from the LIC, requests the reads of appropriate registers
from the frame within the FC that is associated with the
thread, and forwards to the function units the commands
needed to carry out the instruction; and

[0222] Execution Pipeline (EP) 610: the function units that
carry out the work of executing instructions for a thread.
[0223] In accordance with various embodiments, the
actual microarchitecture of the EP in FIG. 6 is immaterial.
It may range from a simple classical linear pipeline with no
forwarding to a more complex superscalar design to which
different instructions from different threads may be issued
concurrently. However, it is assumed that instructions from
different threads may be chosen on a near cycle-by-cycle
basis, and interleaved within the EP.

[0224] The FC is illustrated as extending backwards to the
AFP to reflect that the IP, and perhaps Thread Status Word
of each frame in the FC, may be needed by this logic to
decide which frames contain useful threads, and which
one(s) should be chosen next for execution.

[0225] In accordance with various embodiments, instruc-
tion execution travels through FIG. 6 fairly conventionally
from left to right with just a few notes. First, as will be
discussed further herein, not just registers that are used as
sources of operands need to be accessed, but also all
registers that may be modified. This is to help ensure that a
degree of logical correctness is maintained, i.e. operations
that target a register are completed first before other modi-
fications are scheduled.

[0226] Second, since registers are memory, the FC should
be treated as a memory cache, and should intercept any
memory operations targeted for those locations. Further,
some of these operations may enter the FC while some
instruction, that is also referencing these registers, is in
execution. In such cases something must be done to ensure
the instructions seem to be executed “atomically.” This may
be ensured by techniques varying from forwarding into the
pipeline to flushing instructions within the pipeline that have
not yet reached a retirement state.

[0227] Finally, it is possible for most instruction types to
be executable in a very short execution pipeline, and only a
certain subset, such as floating point or extended precision
arithmetic operations, take longer periods of time. This is
also uniquely solvable within an LIMA system, in accor-
dance with various embodiments, by allowing such long
duration operations to use the same pending reply mecha-
nisms as used by load/stores.

[0228] Also illustrated in FIG. 6 are examples of traffic, in
accordance with various embodiments, in and out of an LWP
104, as follows:
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[0229] When there is room for an additional active thread
frame in the FC, the AFP reads the appropriate Active List
Registers to identify the next active frame to bring in, and
has those values loaded into the FC;

[0230] When there is a miss in the LIC, a read request exits
the LWP to fetch the appropriate line of code. The resulting
data returns to the LIC;

[0231] When either a thread terminates or needs to be cast
out to make room for others, its contents are shipped from
the FC back to memory;

[0232] When externally generated memory reference
requests may be accessing a part of the program visible
memory space that holds thread frames, and those frames
might reside in the FC, the requests go to the FCD to
determine whether or not they actually refer to entries in the
current FC contents. If so, the appropriate frame in the FC
is accessed; and

[0233] When instructions executed within the EP need to
reference memory, the EP generates an appropriate memory
request and launches it into the rest of the system. Responses
resulting from the request return to the FCD, and if the target
register is still in the FC, that entry is updated.

[0234] FIG. 7 diagrams an exemplary method of manag-
ing the set of frames, both active and free, in accordance
with various embodiments of the present invention. Some
set of active list registers 700, visible to one or more LWPs
as part of the LPC’s global machine state, point to a list of
active frames 702 in memory 704. Shown in FIG. 7 is a one
way linked list of such frames, nominally using the FP
register in each frame. The registers denoted in FIG. 7 as the
Next Active Frame (NAF) 706 and Last Active Frame (LAP)
708 point into this structure. In accordance with various
embodiments, other methods for linking the set of active
frames in memory are also possible.

[0235] As these frames are selected by an LWP for execu-
tion, they are brought into the LWP’s FC 710, from which
some selection policy will select one of these active frames,
and start its next instruction through the LWP’s pipeline 712.
Given the cost of moving a frame from memory to the FC,
it is expected that in most cases, once a frame is resident in
the FC, than at least several instructions in its behalf will be
typically started.

[0236] In accordance with various embodiments, the order
in which frames are selected from the FC is up to the
scheduling policy implemented in the LWP’s AFP logic, but
after some period of time even frames that remain active are
paged back into memory. In FIG. 7 this involves appending
them to the back of the active list, but other options are
possible.

[0237] Execution of an LWP instruction that causes a new
thread to be created results in the accessing of the global
FLR to determine the address of the next available frame.
Whether the initializing data for the frame are written to
memory directly, or whether a new entry in the FC is set up,
and updates relayed there, is an implementation choice.
[0238] An exemplary embodiment of program visible
memory as implemented in a LIMA architecture, in accor-
dance with various embodiments of the present invention,
consists of an array of individually addressable entities,
referred to as extended double words or xdwords. For this
embodiment it is assumed that each such xdword has two
parts as shown in FIG. 8, a 64 bit value field 800 and a 1 bit
extension bit 802. The 64 bit value field holds 8 bytes. In
accordance with various embodiments, each of the 8 bytes

Aug. 23, 2007

share, and are controlled by, the same extension bit. Which
byte is defined to be byte 0 and which is byte 7 depends on
whether the architecture is big endian or little endian.

[0239] Those skilled in the art will understand that lengths
other than 64 for the value field are equally possible.

[0240] For xdwords that contain instructions, it is assumed
two instructions of 32 bits each are packaged per 64 bit data
field. Again, which 32 bits is instruction 0 or I depends on
the endian form of the architecture.

[0241] It is also assumed that data addresses as generated
by a program are also 64 bits, and address down to the byte
level of the value field, as pictured in FIG. 9.

[0242] All xdwords that contain data are assumed byte
aligned, that is the lower three byte address bits illustrated
in FIG. 9 are zero. In accordance with various embodiments,
only when such an address is formed, and an xdword
memory operation performed, is the extension bit visible.

[0243] All xdwords that contain instructions are assumed
32 bit word aligned, that is the lower 2 bits of their address
are zero.

[0244] Addresses formed by a program to address either
instructions or data are generally referred to as virtual
addresses. In accordance with various embodiments, these
addresses are before any translation steps are applied to
convert them to physical addresses that actually denote
specific xdwords in physical memory. However, while
physical addresses may be shorter in length than virtual
addresses, it is assumed that they still address down to the
byte, and require all three lower order bits to be zero before
a complete xdword may be accessed, or both of the two
lowest bits to be zero before an instruction may be fetched.

[0245] In many systems, code is allowed to be placed only
at the lower end of memory, and may not expand beyond
some boundary. It is assumed here that code may take up no
more than the bottom Y% of virtual memory, meaning that all
IP addresses have their uppermost 3 bits, at least, set to zero
(see FIG. 10).

[0246] The presence of an extension bit changes the way
in which the contents of an xdword are interpreted on a
memory reference. This bit should be checked regardless of
the size of the data desired from the access: 8 bit byte, 32 bit
instruction, 64 bit data.

[0247] In accordance with various embodiments of the
present invention, if the extension bit of an xdword is set to
“full,” then the remaining 64 bits are treated as data, as in
virtually all modern computers. The individual bits of the
value field have no preconceived interpretation other than
the one assumed by the program referencing the word.

[0248] However, when the extension bit of an xdword is
set to “extended,” then the value field takes on some specific
hardware-defined meanings, as previously described herein.
An exemplary, but not exclusive, method of encoding such
different states efficiently, in accordance with various
embodiments, is to use the lower two or three bits as an
initial code, as illustrated in FIG. 11. This permits the
inclusion in the upper bits of a complete normal xdword
aligned address or a code address. In cases where additional
encodings may be necessary, the upper few bits may also
again be used, mainly because in such cases inclusion of a
full address in the rest of the xdword is not necessary.

[0249] Note that some recodings, such as moving TOA to
a Format 1, would free up additional codes for expansion of



US 2007/0198785 Al

the state types. It is illustrated as is in FIG. 11 to allow for
some extra bits for simple operand values for the trap
procedure.

[0250] As known to those skilled in the art, a conventional
memory system supports two kinds of requests for service
from an executing program: reads and writes. A read
accesses the memory, makes a copy of the requested bits,
and returns them to the requesting processing logic. A write
replaces certain bits in memory with bits provided by the
processing logic. The memory does absolutely no interpre-
tation of the bits being accessed, and the replies generated,
such as with a read are very much simpler than the original
request.

[0251] A LIMA architecture, in accordance with various
embodiments of the present invention, is different. First, the
presence of the extension bit means that the action to be
taken on any incoming memory request is a function of both
the request and the state of the xdword. Second, there is a
richer suite of memory commands that may accompany a
request, primarily to deal with additional functions that may
be needed to support extended states. Third, all memory
requests may be acknowledged, even on just successful
completion of a store, so that the originating threads (which
may be in logic half way across the machine room) have a
positive indication of successful completion of all opera-
tions. Finally, since all thread registers are synonymous with
memory, these acknowledgement replies are themselves
“memory operations,” and should be treated as such.
[0252] FIG. 12 lists an exemplary set of memory opera-
tions that provides a rich capability to manipulate memory
with extended states, in accordance with various embodi-
ments of the present invention. FIG. 13 describes, in accor-
dance with various embodiments, how the state of a memory
location that is the target of one of these commands would
change in response to operations of FIG. 12. FIG. 14 lists for
each state and each command type, in accordance with
various embodiments, the kind of value that would be
returned to the requesting source. Finally, FIG. 15 lists some
additional operations affecting thread execution that might
be performed as a result of such commands, in accordance
with various embodiments.

[0253] Several of the extended memory states, in accor-
dance with various embodiments, are specifically designed
for use with memory locations that are treated by a program
as “memory” in the classical sense. Several others, however,
are either partially or fully designed to be relevant to
memory locations that are registers in a thread frame. The
primary distinguishing feature is that registers are the targets
of reply commands; conventional “memory” is not. The last
column in FIG. 11 indicates which states fall in which
category.

[0254] Besides responding to memory operations, how-
ever, in accordance with various embodiments, registers are
also directly accessed by instructions executed by their
owning thread from within some LWP. In such circum-
stances there are applicable functions and state transitions
that are not the same as those related to changes to
“memory” that result from load/store type references. FIG.
16 diagrams these changes, with the column labeled “current
state,” referring to the potential state of a memory location
within the frame of an active thread. For FIG. 16, it is
assumed that instruction execution is “atomic,” that is the
columns labeled “new state” refer to the state of memory
locations/registers immediately after an instruction that ref-
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erenced them as a register had completed, but before any
memory operation initiated by that instruction had com-
pleted.

[0255] Ina LIMA architecture, in accordance with various
embodiments of the present invention, there are three dif-
ferent ways in which a register may be used: as the source
of a value for an instruction (such as an operand for an add,
or part of an address for a memory access); as the target of
a computational instruction (e.g. to receive the result of an
add); or as the target of a memory reference instruction.
Those skilled in the art will also understand that combina-
tions are also possible.

[0256] A register being referenced as a source in an
instruction such as an add is expected to have a value that
may be used in the addition process. If there is such a value
(denoted by a Full state in the register), operation continues
as it would have in any conventional architecture. However,
in a LIMA, in accordance with various embodiments, there
are at least three other classes of states that change this.
[0257] First are “values,” but ones that are not compatible
with the conventional meaning of an operand as a set of bits
to be interpreted by the function being activated (e.g. a
logical operation, versus an integer addition, versus a float-
ing point operation). These include such states as Uninitial-
ized or Error Code. In such cases, an exception for the
instruction is set so that at retirement, exception masks in the
Thread Status Word can determine whether the instruction
should have been aborted, or execution continued. Further,
if the latter, a choice could also be specified by the pro-
grammer to either propagate an error code into the output of
the operation, or simply accept whatever set of bits emerge
from the processing as a valid value.

[0258] Second are registers that do not currently hold a
value, but for which there is some promise that a value is “on
its way.” The Empty and Pending Reply states are just such
cases. These are unique to LIMA architectures, in accor-
dance with various embodiments, and represent cases where
a thread should wait until the values arrive, and then pick up
execution. In the state transitions of FIG. 16, the state of the
register is changed to either “Blocked Pending Data” (if it
was initially empty), or “Blocked Pending Reply” (if it was
waiting for completion of a load or store). In addition, in
accordance with various embodiments, the LWP executing
the thread takes the thread off the active list in a fashion that
when it is restarted, it will restart at the beginning of the
instruction where the blockage was discovered. As far as the
thread is concerned, its computations are never affected by
the delay in receiving the operand.

[0259] Finally are states that a register should not logically
ever be in, such as being locked or having a forwarding
pointer. This also includes a thread discovering that one of
its registers is in a Locked state, something that should be
impossible for a thread that is currently active. In such cases,
an exception should be raised as described above. It would
be expected that such exceptions are treated more seriously
than others, perhaps resulting in a fault condition.

[0260] It should be noted that when a thread blocks, in
accordance with various embodiments, its frame should be
in a state such that when the thread is reawakened, it restarts
the exact same instruction that caused it to delay earlier, and
that no instruction in program order that occurred after it was
to have been allowed to proceed to retirement.

[0261] A typical ALU instruction produces a value that is
saved in a register for future use. In conventional architec-



US 2007/0198785 Al

tures, the initial value of such a target register is irrelevant
(except of course if it is also a source). In a LIMA archi-
tecture, in accordance with various embodiments, however,
even a target register should be tested before the instruction
is allowed to begin the computation phase, again because of
the range of states the register can be in.

[0262] In the case of a register in either the Full state, or
special values such as Uninitialized or Error code, the
instruction should be allowed to proceed with replacement
of the register’s contents.

[0263] In the case of a promised value that hasn’t arrived
yet, even though the instruction will be over-writing the
value, for logical safety one should suspend the instruction
just as was done if it had been used as a source. This is to
help prevent some outside event, such as a returning
memory reference, from overwriting the newly computed
value. By waiting for that value to return, it helps guarantee
no such indeterminate behavior.

[0264] Finally, for the logically invalid states the action
should be the same as for the source, raise an exception.
Note, however, in this case if the exception is masked, the
register’s invalid state will be over-written with a correct
value.

[0265] The kinds of systems envisioned for LIMA, in
accordance with various embodiments of the present inven-
tion, are massively distributed shared memory architectures,
where the latency to honor a memory request may be
measured in hundreds to thousands of cycles. In such
instances the lazy consistency model is implemented by
allowing the original instruction that initiated the memory
reference to complete or retire without regard for the
completion of the operation. Instead, in the case of a
load-like instruction, the target register is set to the special
case “Pending Reply,” and does not leave this state until the
reply is received.

[0266] In addition, in order to ensure that a program
knows when the memory write associated with a store
instruction completes, the store instruction designates a
register to receive a status reply about the success or failure
of the store. During instruction execution, this register is set
into a “Pending Reply” state.

[0267] Finally, depending on the microarchitecture of the
LWP, it may be that there are long latency function units,
such as extended precision floating point, where the ability
to allow continuation of instruction execution is of value. In
such cases, the target register again may be marked as
“Pending” albeit in this case the information for what it is
pending may reflect the function unit rather than memory.
[0268] For these configurations, the state transitions are in
slightly different form than the previous cases in that in those
cases where the target has a value that may be overwritten,
it is set to the PR state before the instruction completes. All
other state changes are the same as for an ALU target.
[0269] Clearly there are cases when the same register may
be used both as a source and a target by the same instruction.
In such cases, in accordance with various embodiments, the
state changes of the target tend to supersede those of the
source register.

[0270] Also, in accordance with various embodiments, it
is not infrequent that one instruction will reference multiple
registers. In such cases, if the results of testing any register
results in an exception or a suspension of the instruction,
then the instruction is so directed. Only if the testing of all
registers signals “Continue,” and there is no intervening
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external memory operation affecting the thread, should the
instruction be allowed to continue to retirement.

[0271] Finally, there may often be specialized instructions
that explicitly wish to test or change a register, regardless of
that register’s state (similar to the readx and writex memory
operations of FIG. 12). Such instructions may have different
state transitions than those of FIG. 13 through FIG. 15.
[0272] In accordance with various embodiments of the
present invention, an exemplary ISA that includes the capa-
bilities discussed earlier herein in terms of supporting many
light weight threads is provided. The following description
is not meant to be exhaustive; only attributes that are in some
form not typical of conventional ISAs are described. This is
particularly true of the individual instructions; only those
that are unique to a LIMA design or are in some way affected
by the other parts of the architecture, in accordance with
various embodiments are described.

[0273] For various embodiments, the following general
assumptions are made:

[0274] 32 registers per thread frame, denoted $R0 through
$R31;
[0275] Registers $R0 and $R1 form a thread status word,

with fields as pictured in FIG. 17;

[0276] When referenced as a source operand $R0 always
returns a value of zero, and $R1 always returns a value of 1.
Neither register may be used as the target of a normal
instruction;

[0277] Each register is a separate xdword, implying that
an address of a register is an even multiple of 8 bytes (three
low order zeros in a byte address);

[0278] Each thread frame starts on an even 32 xdword
boundary, implying that the address of a frame itself is a
multiple of 256 bytes (eight low order zeros in a byte
address);

[0279] All instructions are 32 hits in length, aligned on an
even 4 byte boundary;

[0280] Unless otherwise specified, all memory references
are to aligned xdwords;

[0281] Any number of threads may be active at one time,
limited only by the amount of memory available from which
thread frames may be created; and

[0282] Thread frame may be queued on one of several
different lists, the active list, the free list, or one of several
different trap lists. The Link Pointer in the TSW (FIG. 17)
binds a frame into the appropriate list. Globally visible
hardware registers provide the pointers to the head frames
on each list.

[0283] Once declared active, a thread may execute instruc-
tions totally asynchronously from any other thread. What
share of access a thread receives from an LWP depends on
the number of other active threads, the thread’s priority, and
the LWP’s scheduling policy. However, it is expected that
most LWP implementations are starvation-free, that is, all
active threads are guaranteed to eventually receive some
time at some LWP, and thus guaranteed to make some
forward progress on its executing program.

[0284] In accordance with various embodiments, new
threads may be created synchronously by programs execut-
ing spawn and fork instructions, with the difference being
where the new thread frame is allocated. For forks the new
thread is allocated in the immediate vicinity (the same
section) as the creating thread. For the spawn the creation
point may be anywhere in the system as long as it is “near”
some specified memory location.
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[0285] New threads may also be created when a trap is
taken, with the creation region the region where the excep-
tion was detected, and the trap raised.

[0286] Threads may be terminated only by their own
execution of a trip instruction (“thread rest in peace™), at
which the frame is automatically returned to a free list. Any
clean-up needed before a frame is safe for reclamation is the
responsibility of the software that ends with the trip.
[0287] In a related topic, it is noted that conventional
computers often have programmer-invisible hardware tim-
ers on every memory reference that times-out if something
goes wrong and the memory operation does not complete in
a timely fashion. This is to prevent the CPU from locking up
if a hardware problem occurs. The problem with this is that
a separate timer is needed for each outstanding memory
reference, something that clearly would be expensive in a
LIMA system, in accordance with various embodiments,
because they represent thread-specific global state. How-
ever, other work has defined a mechanism whereby multiple
memory requests as found in a LIMA system, in accordance
with various embodiments, may all be timed for error
detection without requiring a separate timer for each opera-
tion. Such a mechanism is assumed to be part of the global
state of a LIMA implementation, in accordance with various
embodiments.

[0288] In accordance with various embodiments of the
present invention, an exception is a report, typically from the
hardware, that some condition has occurred, and results in
some specific bit in the Exception field of the TSW (FIG. 17)
being set. If at the beginning of an instruction all exception
bits that are set have their matching mask bits also set, the
instruction continues with execution in the normal way. If at
the beginning of an instruction some exception bit is set, but
its matching mask bit is not set, then the instruction is not
issued and the thread traps.

[0289] This process, in accordance with various embodi-
ments, involves:

[0290] marking the thread issuing the trap as suspended;
[0291] removing the thread from the active list; and
[0292] linking itself into the appropriate trap list.

[0293] A second source of traps, in accordance with vari-

ous embodiments, may arise from the processing of memory
operations that encounter some difficulty that cannot, or
which the requesting thread has marked as should not, be
handled by an error code back to the requestor. The entries
marked as “EMS” in FIG. 15 represent such situations.
When they occur, the actions are like a fork; a thread frame
is taken from the free list, the parameters from the request
stored as initial register values in the frame, the new frame’s
TSW set to some hardware specified values, and the frame
is linked to the appropriate local trap list.

[0294] Ineither case, it is up to run-time software executed
by run-time threads to process frames that have been linked
onto these trap lists. This processing includes, when appro-
priate, moditying the thread’s registers and/or restarting a
thread.

[0295] Designing the hardware registers that form the
heads of such lists to be memory-mapped and have extended
memory semantics just like memory allows these daemon
trap handler threads to block when such pointers are empty,
and be awakened whenever the first such thread appends
itself.

[0296] Arithmetic, logical, and control instructions for a
LIMA ISA, in accordance with various embodiments, need
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look little different from conventional architectures, with
three exceptions. First, the semantics of accessing registers
changes a bit, both as source and target, as described
previously herein.

[0297] Second, there will be times in a LIMA program
where it is important to explicitly set the state of a register
to something other than Full. The most common case might
be to empty a register that will be used as a communication
channel. This can be done in several ways, such as separate
instructions that set, reset, or complement the extension bit
independent of the value field of a register. One concern with
such instructions is, however, the potential need for atom-
icity of change on both the extension bit and value fields.
This could be done by memory operations onto a thread’s
own registers, but if opcode space is available, then some
subset of the following instructions may also be appropriate:
[0298] empty t: wait for register to have a value of some
sort and then set it to empty;

[0299] lock t, u: wait for register to have a value of some
sort, then copy its value field to register u, and set t to locked;
[0300] fill t, u: register t may either have a value of some
sort, or may be marked empty. Copy the value from register
u to t, and set it to full;

[0301] fillx t, u: regardless of the current state of register
t, force its value field to have a copy of register u, with the
extension bit set to on;

[0302] force t, it, v: regardless of the current state of
register t, force its value field to have a copy of register u,
with the extension bit copied from some bit in register v; and
[0303] readx: t, u, v: regardless of the state of register u,
copy its extension bit into register t, and value field into
register v, with both registers set to Full. This is the dual of
force.

[0304] Finally, there may also be times when it is impor-
tant to test the extended state of a register. Classical compare
instructions with LIMA’s normal register semantics will
either suspend or raise an exception if they find the register
(s) they wish to test to be in any state other than Full. Again
there are two approaches, one of which is to use an instruc-
tion such as readx to access the register, and then test it as
normal. This still raises the issue of atomicity—is the test
instruction viewing the current state of the register? An
alternative is to have instructions that ignore the current state
of the register being tested before testing it, such as, for
example:

[0305] br_empty t, x: if the register t is currently empty
then branch to the address specified by the x bits;

[0306] br_full t, x: if the register t is currently full then
branch to x. This is not the same as br not empty;

[0307] br pending t, x: if the register t currently has a
pending state, then branch;

[0308] br_error t, x: if the register t code, then branch;
[0309] br_xt, x: if the register t set, then branch to x; and
[0310] br_extt, u, v, x: if the register t currently has its

extension bit set, and its value field, when masked with
register u, equals v, then branch to x.

[0311] Those skilled in the art will understand that the dual
of all of these branches, i.e. branch when the condition is not
true, is also valuable.

[0312] Finally, one additional condition needs serious
consideration for any LIMA implementation, in accordance
with various embodiments of the present invention. As
discussed earlier, memory operations can go on out of
program order, and if there is concern by the compiler or
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programmer about the potential for memory hazards, then
explicit stalls need to be in place as separate instructions in
the program. At the simplest, such stall may be implemented
by performing some dummy operation against the status
register from a prior memory instruction before starting the
next one. This serializes the memory operations.

[0313] While this helps assure logical correctness, it does
mean that there will be opportunities for concurrency that
are not taken. To reclaim much of these opportunities
simply, one may include in the ISA a stall_on_address match
(STAM) instruction. This instruction specifies two registers,
t and u. Register t is the target register for whatever prior
memory operation needs to be checked, and register u
contains the address of the memory reference that is about
to be launched by the next instruction. The implementation
of STAM tests the state of register t, and if it is anything
other than pending, the thread’s execution continues with
the next instruction. If the register t is still in the pending
state, and the definition of the state includes at least some of
the virtual address of the original memory reference, then a
comparison is made between those bits and the equivalent
bits in the other register u. If there is a mismatch, one knows
the addresses of the two references are different, and execu-
tion may continue even without the reply from the first
reference. If there is a match, then it appears that there may
be a memory hazard, and the STAM changes the state of
register t from PR to BPR, and the thread will block. A return
of the reply will restart the thread at the STAM, and
execution will continue.

[0314] Standard loads and stores in a LIMA architecture,
in accordance with various embodiments, look like those of
conventional ISAs in that they specify an addressing mode

(base plus displacement, base plus index, . . . ), a source or
target register, size of access, and how to treat less than
xdword accesses (sign extend, zero fill, . . . ). However, in

LIMA, in accordance with various embodiments, there are
several modifications:

[0315] Source and target registers obey the register seman-
tics as previously described herein;

[0316] On stores, a register to receive the status reply must
be specified. This can be either the same as the source
register, or a separate register; and

[0317] On accesses to locations that are currently in a state
other than full, the semantics of when replies are sent, and
what is sent with the replies, is a function of the state of the
target location, as shown in FIG. 12 through FIG. 14,
assuming the read command was sent by a load, and the
write command was sent by a store.

[0318] Besides conventional loads and stores, a LIMA
architecture, in accordance with various embodiments, also
includes loads and stores that explicitly recognize the addi-
tional states that memory may take on. These include:
[0319] load_e: load and empty. When the memory opera-
tion sent by this instruction finds a full location, it returns a
copy as with a normal load, but also atomically sets the
memory state to empty. In FIG. 14 through FIG. 16 this is
implemented with the read & empty command;

[0320] loadx_lock: similar to load empty except that it
leaves the target memory location locked. Using the read &
lock command, of FIG. 12, this will return a copy of the
value field with at least one of the bits replaced by a copy of
the extension bits. The value bits that are returned include at
least the bits that are changed by the lock state value;
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[0321] loadx: reads the contents of the target’s value field
regardless of the target’s state, using the read & lock
command;

[0322] Using this after a loadx lock allows the state of the
entire original xdword to be reconstructed, both value and
extension bit; and

[0323] store_e: store at empty. The intent of this instruc-
tion is to provide the dual to load e, namely a write that
completes only when the location is empty. In accordance
with various embodiments, there are at least two options as
to what happens when the target is not empty at the time the
memory command arrives at the target. First, an error code
may be returned; alternatively, a trap may be taken at the
memory, and a new thread at the target may watch for the
location to go empty, as described in FIG. 15. The choice of
which option to employ may be specified either by separate
opcodes or by a flag in the TSW that goes along with the
memory command (the EMS bit in FIG. 17);

[0324] store all full: stores a value into the target memory
location, regardless of the target memory’s initial state, and
leaves the target’s extension bit to full. This invokes the
writex command of FIG. 12; and

[0325] store_all other: just as in store all full but instead of
setting the extension bit to full, it set the extension to
extended, allowing an arbitrary state value to be over-written
into a memory location.

[0326] Atomic memory operations (AMO), in accordance
with various embodiments, perform a read-compute-write
operation against a memory location in such a way that from
the time that the read is performed, no other normal memory
operation is allowed to touch the location until the write
back of the computed result is complete.

[0327] Instruction sequences built from a series of loadx
lock, loadx, and storex achieve such atomicity by locking
the target after reading it, performing the computations on
that value in a thread’s registers, and then unlocking the
memory location only when the final value is ready.
[0328] While logically correct, this has the drawback of a
potentially very long and unpredictable period of time
during which the location is unavailable. A single instruction
AMO would be a combination of a read and a write, with
one register to serve as the source of the data to be used in
the combination (as in a store), and another serves to hold
the reply from a read of the location (as in a load). The
memory operation AMO in FIG. 12 would be launched by
the execution of the AMO, contain the value to be combined
with the target, the operation to be performed, and the
address of the register to hold the return value. When the
AMO arrives, it reads the xdword value from the location
and returns it to the target register, combines it with the
xdword from the instruction, and replaces the combination
into the target memory location. A sample AMO instruction
would be, in accordance with various embodiments:
[0329] int_fetch add t u v immediate, where t, u, and v are
registers. The value of register u plus the immediate forms
the address of the target location. Register t receives a copy
of this location, and register v provides a value to be added
into the memory.

[0330] Several variations of this are possible, in accor-
dance with various embodiments:

[0331] Other operations could be specified either by other
opcodes or values in a fourth register, such as swap, compare
and swap, and, or, subtract, and even floating point add, if
such functional units are available near the memory;
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[0332] In some cases, the original value is not of concern,
so a variation such as an int mem add would use t as a status
reply register as in a store, rather than a value receiver as in
a load;

[0333] An “x” variation of this may return the entire
original state of the target memory location, and replace the
entire contents of the memory, extension included, from the
instruction-provided data. An atomic exchange instruction
that swaps the entire state of the memory location with the
state of a register is particularly useful. A memory operation
termed amox is defined in FIG. 12 to provide this capability;
and

[0334] In many cases, such instructions may wish to treat
states other than full as valid states for the AMO to interact
with. This is particularly true of the empty state, since
semantically a store is capable of filling an empty location.
In these cases, assuming that the target memory’s value is
zero allows the combination to occur without incident. The
semantics of the AMO memory operation in FIG. 12 exhibits
this. As discussed later, such a capability, in conjunction
with an AMO “or” or “add,” is particularly useful for
multiple signalers.

[0335] It should be noted that such AMOs may be imple-
mented very inexpensively, and in a very light weight thread
compatible manner, by encapsulating short “at the memory”
sequences into a memory operation, and executing them at
the same memory hardware that tracks memory state tran-
sitions.

[0336] Several other instructions are particularly useful in
a LIMA context, in accordance with various embodiments:
[0337] geflp t u: register u contains a register number in
the current frame. Register t is loaded with the virtual
address of that register. A value of zero in u thus returns the
address of the base of the current thread’s frame in memory;
and

[0338] block_copy t u v w: Copy a number of xdwords
specified by the contents of register w starting from the
address specified by the contents of register v to the address
specified by register u, and return a status into register t. No
memory states at either the source or receiving end are
checked.

[0339] In accordance with various embodiments, these
instructions may also be used for initializing multiple reg-
isters in either a thread’s own frame or some child’s frame.
[0340] In accordance with various embodiments, instruc-
tions that manipulate the state of threads and thread frames
include, for example:

[0341] activate t u: make the frame located at the address
specified by register t active and eligible to issue instruc-
tions. The address specified by t is rounded to the owning
frame address. Since this involves modifications to the TSW
in the target frame as in an AMO, a register is included to
collect status;

[0342] break t: use the bits in register t to raise an
exception in the current thread;

[0343] evict: The current frame is to cease execution of
instructions, be purged from the frame cache, and be placed
on the end of the active list. This does not change the state
of the thread or prevent it from being reloaded into an LWP
for continued execution;

[0344] fork t u: A free frame is requested in the same
section as the current frame is in, and some subset (perhaps
all) of registers in the new frame are copied from the current
frame, except that the contents of register u are used as the
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IP for the new frame. After copying all data the new frame
is made active and eligible for execution. When the fork
issues, in accordance with various embodiments, register t is
placed in the PR state. If an error occurs during the initial-
ization, an error code is returned to it. If the fork is
successful, an “OK” value (typically all zeros in a full state)
is placed in it, much as with a store. As with a store, the
update of the status register t occurs asynchronously with the
retirement of the fork instruction;

[0345] frame_cache_flush: similar to evict but all frames
in this LWP’s frame cache are evicted and placed at the end
of the active list;

[0346] spawn tu v: similar to fork except that a register v
provides a virtual address that identifies the section where
the new thread should be created. Optionally, to conserve
bandwidth, less than the full set of registers may be copied
from the parent to the child frame, such as only registers 0
through 7;

[0347] suspend t u: Change the state of the thread frame
pointed to by u to be suspended. The t register serves as a
response register, and is loaded with a copy of the frame’s
protect bit. This load occurs asynchronously with the retire-
ment of the suspend; and

[0348] trip: (“thread rest in peace”) The current thread
ceases execution, and enters the free state. The frame is
requeued onto the free list. No hardware verification of the
completion of any outstanding memory references is per-
formed.

[0349] Thus, the present invention provides techniques for
computer architectures that provide lightweight multi-
threaded architectures. The techniques enable increased per-
formance in any computing system, but especially in a
massively parallel system, by a combination of increasing
support for concurrency and reducing both the number and
latency of potentially long-latency events.

[0350] The increase in concurrency is achieved in several
areas: increasing significantly the maximum number of
threads, and threads per core, that a program may take
advantage of, and to do so in a scalable fashion that does not
rely on adding additional CPUs or growing the size of
hardware register files; and simplifying the hardware needed
to support long latency events such as remote memory
references in such a way that it increases the number of such
concurrent memory references that each thread may have
active at any time; eliminating the need for programs about
keeping each thread active; and providing mechanisms that
allow individual threads to communication with each other,
and block and unblock with little or no explicit program
cost.

[0351] Likewise, decreasing latencies as seen by an over-
all program may be achieved in several ways: permitting the
simplification of the design of multithreaded cores to the
point where they can, as technology permits, be placed in
large numbers nearer memory than current practice, up to
and including the same die as enabled by multi-core and
PIM semiconductor technology; reducing the cost of allo-
cating (or re-allocating) a set of hardware resources to a new
thread to the point where it need not be handled by time-
consuming software; reducing the essential state associated
with a thread to the point where it is possible to give a thread
locality awareness, that is the ability to determine “where
they are” in terms of memory locality, the ability to actively
specify some memory region that better fits their program’s
needs in terms of such locality, and then the ability to
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“move” the computation associated by the thread to that
region; and reducing significantly the cost of communicating
between threads when necessary to implement key latency-
intensive global parallel program constructs such as syn-
chronizations, barriers, and collective operations.

[0352] Interestingly, one of the few new programming
metaphors that has had measurably good effects on the
productivity of programming, object oriented programming
(and its variants that show up in programming languages
such as Smalltalk, C++, Java, . . .), has attributes that fit well
in hand with such guiding principles. When an object is to
be referenced or manipulated in some way, some small
number of parameters (of approximately the total size of a
typical cache line) are often encapsulated and given to some
piece of procedure code that is tailored to that object type,
and is designed to access the inner components of the object.
[0353] When an architecture has some of the above new
properties, executing such a method involves launching a
new thread to execute “near” the object, with the initial
thread state holding the desired parameters. Executing this
thread in some nearby execution site allows all references to
the object to occur in a low latency environment.

[0354] With proper dataflow-like protocols to allow the
returning values to be accepted, the code launching the
thread can very well be non-blocking, allowing other such
independent threads to be launched to other objects.
[0355] The result may be three-fold. First, what was
potentially a significant series of long-distance high latency
cache misses to access the object’s components is now a
single two-way transfer. Second, the time during which the
object is under modification is shortened drastically because
of the closeness of the processor to the memory (this also
reduces the time when the object is a point of possible
contention, and eliminates the need for complex long-
distance memory lock-out protocols), and finally making the
original call non-blocking (that is the thread that makes the
call need not come to a halt until the thread performing the
method completes the method) allows other such long-
distance activities to be launched concurrently by the calling
thread.

[0356] In some applications such as pointer chasing, this
gets even better, since as the thread moves from object to
object there is exactly one long-distance transfer per pointer
link followed.

[0357] Although certain embodiments have been illus-
trated and described herein for purposes of description of the
preferred embodiment, it will be appreciated by those of
ordinary skill in the art that a wide variety of alternate and/or
equivalent embodiments or implementations calculated to
achieve the same purposes may be substituted for the
embodiments shown and described without departing from
the scope of the present invention. Those with skill in the art
will readily appreciate that embodiments in accordance with
the present invention may be implemented in a very wide
variety of ways. This application is intended to cover any
adaptations or variations of the embodiments discussed
herein. Therefore, it is manifestly intended that embodi-
ments in accordance with the present invention be limited
only by the claims and the equivalents thereof.

What is claimed is:

1. A computing system comprising:

one or more nodes, each node comprising at least one
lightweight processing chip (LPC) that includes a light-
weight processor (LWP) core and at least one memory
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module, each node being adapted to concurrently
execute a number of independent program threads on
behalf of one or more application programs, and each
thread being adapted to generate one or more requests
to access memory anywhere in the computing system;
and
an interconnect network communicatively coupling mul-
tiple nodes such that LPCs within a node may issue a
memory or thread creation request that may be routed
to a node that includes designated memory locations
and return one of a copy of the data or completion
status back to a requesting LPC.
2. The computing system of claim 1, wherein each LPC
is adapted to receive memory requests and are adapted to
generate memory requests.
3. The computing system of claim 2, further comprising
memory within the computing system that is external to the
nodes.
4. The computing system of claim 3, further comprising
an internal node routing system adapted to facilitate memory
requests between LPCs within a node and to facilitate
communication with the interconnect network for memory
requests elsewhere within the computing system.
5. The computing system of claim 1, further comprising
at least one heavyweight processor (HWP) communicatively
coupled to the interconnect network and adapted to generate
streams of memory reference requests.
6. The computing system of claim 5, wherein the at least
one HWP does not include program visible memory.
7. The computing system of claim 6, further comprising
at least one cache and/or machine register.
8. The computing system of claim 1, wherein the com-
puting system is a massively parallel computing system.
9. The computing system of claim 1, wherein at least
some of the LPCs include multiple memory modules.
10. The computing system of claim 9, wherein at least
some of the LPCs include multiple LWPs.
11. The computing system of claim 10, wherein each LWP
is adapted to execute programs and generate memory
requests.
12. The computing system of claim 11, wherein each LPC
includes an interconnection network that allows memory
requests from each LWP to reach the memory modules,
caches within the LWPs, and ports to the node interconnect
network.
13. The computing system of claim 1, wherein each
memory module comprises memory locations and each
memory location has associated with it a value field and an
extension field.
14. The computing system of claim 13, wherein the
extension field has at least two possible settings:
full, which indicates that the value field contains data to
be interpreted as a series of information bits to be
interpreted by some program that accesses it; and

extended semantics, which indicates that the value field
has information that is to be interpreted by the memory
interface to control how any memory request that
accesses the location is to be performed.

15. The computing system of claim 14, wherein states that
a memory location may be in when the extension field is set
includes at least one from a group comprising:

an indication that the memory has not been initialized;

an indication that it contains an error code;
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an indication that the location is locked from some type of

access;

an indication that the memory location is logically empty;

an indication that the memory location is not only logi-

cally empty, but that it is a register in some thread
frame, and a next instruction for a program associated
with that thread requires a value from the register
before it may continue;

an indication that the location is actually a register in

some thread frame, that some instruction for a program
for that thread has designated this register to receive the
result or status from some prior memory request, and
that the next instruction for that program requires
completion of that memory operation before it may
continue;

the address of some other location to which any request to

this location should be forwarded, including options on
what to leave behind in this location after the forward-
ing has occurred; and

information that may be used to start a new thread within

an LPC controlling the memory location whenever any
sort of memory request attempts to access the location.

16. The computing system of claim 15, wherein a suite of
memory operations that may be generated by a program
includes at least one from a group comprising:

reads and writes that may be blocked, forwarded, or

responded to with an error code, depending on an
extended state;

extended reads and writes that override the state of a

target location and allow complete access to the loca-
tion without state interpretation;

options on reads that will convert the state of a location to

empty after an access;

options on reads that will convert the state of a location to

locked after an access;
options on writes that change the contents of the target
memory location only if the initial state was empty;

atomic memory operations that perform a read-compute-
write against a target memory location without allow-
ing any other access to that location to occur during the
sequence; and

writes that expect to be targeting a memory location that

is also a register in some frame, and that will awaken
the thread associated with that frame if it is currently
stalled on that register.

17. The computing system of claim 16, wherein an
instruction set for an LWP includes at least one from a group
comprising:

generate specialized memory requests;

explicitly set the state of one of its corresponding registers

without regard to its current state;

test the state of one of its corresponding registers without

blocking;

designate that a memory frame at some address is now to

be considered active;

evict itself from the current pool of threads from the

current LWP;

evict all current frames from the current LWP;
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terminate its own existence as an active thread;

place some other thread in a suspended state; and

test an address associated with a pending memory request

as recorded in a register to see if that address potentially
matches some other address.

18. The computing system of claim 11, wherein at least
one LWP includes a pool of information defining one or
more separate program threads, each of which has associated
with it a frame comprising one or more unique registers, that
its program may manipulate.

19. The computing system of claim 18, wherein at least
one LWP includes logic adapted to decide which thread is to
be allowed to execute an instruction from that thread’s
program, and also decide when it is appropriate to evict a
frame and/or bring in a new frame corresponding to a
different thread than any currently executing.

20. The computing system of claim 11, wherein at least
one LWP comprises an optional instruction cache to hold
blocks of program text for the threads.

21. The computing system of claim 18, wherein at least
one LWP comprises logic adapted to decode instructions
from a chosen frame, and determine which registers from the
thread’s frame are to be accessed.

22. The computing system of claim 18, wherein at least
one LWP includes a frame cache that contains one or more
frames in support of one or more threads that may be
accessed either to support an instruction being executed by
some instruction for an owning thread, or receive response
messages from previously issued memory requests.

23. The computing system of claim 22, wherein at least
one LWP includes logic adapted to access registers for a
particular instruction, either from the frame cache or
memory, and test their contents before further processing.

24. The computing system of claim 18, wherein at least
one LWP includes an execution pipeline capable of execut-
ing one or more instructions, from the same or different
threads, generating memory requests as called for, testing for
exceptions, and writing back results when available to the
appropriate register in an appropriate frame.

25. The computing system of claim 18, wherein each
frame of registers is contained in a sequential block of
known length that has a unique address in memory.

26. The computing system of claim 22, wherein memory
operations from any thread that target any register will be
routed to either the frame cache holding the most recent
copy of the frame, or to memory if the frame is not currently
in a frame cache.

27. The computing system of claim 17, wherein multiple
memory operations may be issued concurrently and
extended semantics within a register are provided to indicate
status of an operation.

28. The computing system of claim 27, wherein memory
hazards may be avoided among multiple memory operations
based upon status of an operation.

29. The computing system of claim 15, wherein memory
locations may be in one of a plurality of the states.
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