
(19) United States 
US 20040073905A1 

(12) Patent Application Publication (10) Pub. No.: US 2004/0073905 A1 
Emer et al. (43) Pub. Date: Apr. 15, 2004 

(54) METHOD AND APPARATUS TO QUIESCE A 
PORTION OF A SIMULTANEOUS 
MULTITHREADED CENTRAL PROCESSING 
UNIT 

(76) Inventors: Joel S. Emer, Acton, MA (US); 
Rebecca L. Stamm, Palo Alto, CA 
(US); Bruce E. Edwards, Belmont, 
MA (US); Matthew H. Reilly, Stow, 
MA (US); Craig B. Zilles, Middleton, 
WI (US); Tryggve Fossum, 
Northborough, MA (US); Christopher 
F. Joerg, Wattertown, MA (US); James 
E. Hicks JR., Newton, MA (US) 

Correspondence Address: 
HEWLETTPACKARD COMPANY 
Intellectual Property Administration 
P.O. BOX 272400 
Fort Collins, CO 80527-2400 (US) 

(21) Appl. No.: 10/680,375 

(22) Filed: Oct. 7, 2003 

Related U.S. Application Data 

(63) Continuation of application No. 10/293,975, filed on 
Nov. 11, 2002, now Pat. No. 6,675,192, which is a 

3A 
3. 3. 

O 

b) 

É 
Time 3. 

(processor 
Cycles) 3. 

2 4 

continuation of application No. 09/411,194, filed on 
Oct. 1, 1999, now Pat. No. 6,493,741. 

Publication Classification 

(51) Int. Cl. ................................................... G06F 9/00 

(52) U.S. Cl. .............................................................. 718/101 

(57) ABSTRACT 

Execution of a program's instructions in a simultaneous 
multithreaded processor is halted while the program is 
waiting for one or more events to occur by first arming an 
event monitor upon an arm instruction, that is, identifying to 
the event monitor one or more events to be monitored, Such 
as a modification to a value or State of an identified memory 
location or group of locations, and Setting a watch flag to 
indicate enable the event monitor. Upon execution of a 
quiesce request instruction, the program quiesces if the 
watch flag is Set, and a timer is started. Upon observation by 
the event monitor of an identified event, or upon expiration 
of the timer, the watch flag is cleared and execution of the 
program resumeS. 
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METHOD AND APPARATUS TO QUIESCE A 
PORTION OF A SIMULTANEOUS 

MULTITHREADED CENTRAL PROCESSING UNIT 

RELATED APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 10/293,975 filed Nov. 11, 2002, which is a 
continuation of U.S. application Ser. No. 09/411,194 filed 
Oct. 1, 1999, now U.S. Pat. No. 6,493,741 issued Dec. 10, 
2002. The entire teachings of the foregoing applications are 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002. A “thread” is a stream of instructions being 
executed by a processor. Software that is multithreaded has 
multiple threads of control that cooperate to perform a task. 
0003) A simultaneous multithreaded (SMT) central pro 
cessor unit (CPU) provides, on a single CPU, the capability 
of executing instructions from multiple threads Simulta 
neously. 
0004. On a simultaneously-multithreaded processor, the 
hardware provides facilities for executing multiple threads 
as if each thread were executing on its own CPU. This 
abstract thread processor is called a thread processing unit, 
or TPU. To the outside world, a TPU has all the capabilities 
of a conventional CPU. It holds a full process context while 
a process or thread is executing on that TPU. The term 
“processor is used herein to refer either to a TPU or a 
conventional CPU. 

0005 For example, a 4-way issue CPU might have two 
functional units executing instructions from one thread, 
while the other two functional units are executing instruc 
tions from an unrelated thread. This is accomplished by 
providing enough registers and other proceSS-Specific 
resources on the CPU to Support as many threads as can run 
Simultaneously, and then choosing among the threads to 
determine which specific instructions will be executed. The 
threads may be related, where they are cooperatively doing 
work, or they may be entirely unrelated. 
0006 FIG. 1 compares sample execution sequences for 
SuperScalar, multithreading, and Simultaneous multithread 
ing architectures. Each row represents the issue slots for a 
Single execution cycle: a filled box indicates that the pro 
ceSSor found an instruction to execute in that issue slot on 
that cycle. An empty box denotes an unused slot. The unused 
Slots can be characterized as horizontal or vertical waste. 
Horizontal waste occurs when Some, but not all, of the issue 
Slots in a cycle can be used. It typically occurs because of 
poor instruction-level parallelism. Vertical waste occurs 
when a cycle goes completely unused. This can be caused by 
a long latency instruction, Such as a memory access, that 
inhibits further instruction issue. 

0007 Sequence (a) 2 corresponds to a conventional 
SuperScalar. AS in all SuperScalars, it is executing a single 
program, or thread, from which it attempts to find multiple 
instructions to issue each cycle. When it cannot, the issue 
Slots go unused, and both horizontal 3A and Vertical waste 
3B are incurred. 

0008 Sequence (b) 4 corresponds to a multithreaded 
architecture. Multithreaded processors contain hardware 
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State, i.e., a program counter and registers, for Several 
threads. On any given cycle, a processor executes instruc 
tions from just one of the threads. On the next cycle, it 
Switches to a different thread context and executes instruc 
tions from the new thread. The primary advantage of mul 
tithreaded processors is that they better tolerate long-latency 
operations, effectively eliminating vertical waste. However, 
they cannot remove horizontal waste. Consequently, as 
instruction issue width continues to increase, multithreaded 
architectures will ultimately Suffer the same fate as Super 
scalars: they will be limited by the instruction-level paral 
lelism in a single thread. 
0009 Sequence (c) 6 corresponds to a simultaneous 
mutilithreaded archictecture and shows how each cycle in an 
SMT processor selects instructions for execution from all 
threads. It exploits instruction-level parallelism by Selecting 
instructions from any thread that can potentially issue. The 
processor then dynamically Schedules machine-resources 
among the instructions, providing the greatest chance for the 
highest hardware utilization. If one thread has high instruc 
tion-level parallelism, that parallelism can be Satisfied; if 
multiple threads each have low instruction-level parallelism, 
they can be executed Simultaneously to compensate. In this 
way, SMT can recover issue slots lost to both horizontal and 
Vertical waste. 

0010 Simultaneous multithreading is advantageous 
because it allows the CPU to get better throughput. 
Resources which would lie idle due to limited parallelism in 
one thread can be utilized by other threads. 
0011 A Software program can be compiled, or decom 
posed, into multiple threads, with the purpose of achieving 
improved performance through parallel execution of those 
threads. The threads may be executed on different processors 
in a multiprocessor, or they may be executed on different 
thread processing units within an SMT CPU. 
0012. When programs are multithreaded in this way, 
locking protocols are used to control access to shared data. 
ASSigning a special memory location, called a lock, to a 
Section of data, controls access to that Section of data. A 
thread can only update the data when it owns the lock. 
0013 An integral part of many locking protocols is a 
busy wait loop, often referred to as a "spin lock.” In a spin 
lock, a proceSS loops, looking at a particular memory 
location, i.e., the lock, and waiting for it to change to a 
Specific value before proceeding. Once the value has 
changed, the proceSS is then free to attempt to obtain the lock 
via an atomic update of the location. 

SUMMARY OF THE INVENTION 

0014. In a conventional multiprocessor, the CPU 
resources and memory bandwidth consumed by a task in a 
Spin lock are not simultaneously shared with any other taskS. 
Thus, while the task is spinning there is no resource con 
tention within the CPU, and no reason not to let the task spin. 
Various studies have shown that approximately 15% of 
processor time is spent in Spin loops. 

0015. In a simultaneous multithreaded CPU, however, 
the resources consumed by the Spinning task are being 
denied to the other threads that are or could be doing useful 
work. In fact, Applicants have found that under these 
circumstances, the Simultaneously multithreaded CPU pro 
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Vided no performance increase to the decomposed applica 
tion, and can actually degrade the performance of the 
application. 
0016 One multithreaded computer uses fine-grained 
multithreading, which is different from SMT, and addresses 
the synchronization problem with a hardware retry which 
traps the thread after Some number of failures and desched 
ules it. This is described in “Exploiting Heterogeneous 
Parallelism on a Multithreaded Multiprocessor,” 1992, 
which can be found at www.tera.com/www/archives/library/ 
pSclocs.html. 
0017 Patent application Ser. No. 08/775,553 by Emer et 

al, “A Multi-threaded Processor and Method That Selects 
Threads Based On An Attribute,” (name amended in Feb 
ruary, 1999), filed Dec. 31, 1996, assigned to a common 
assignee as the present invention and incorporated by ref 
erence herein in its entirety, describes an SMT architecture. 
0.018 Many papers have been published about Simulta 
neous Multithreading. For a fairly complete list, See www.c- 
S.washington.edu/research/Smt/. The University of Washing 
ton has done much work on efficient Synchronization on 
SMT. See, for example, “Supporting Fine-Grained Synchro 
nization on a Simultaneous Multithreading Processor,” 
1995, available at www.cs. Washington.edu/research/Smt/pa 
pers/hpcaps. A longer version of the paper, UCSD CSE 
Technical Report #CS98-587, is available at www.cs.Wash 
ington.edu/research/Smt/paperS/Smt. Synch.ps. 
0019. These papers propose a synchronization “lock 
box” mechanism which has the primary goal of providing 
faster synchronization between threads. The lock itself is 
memory-based, but once the lock is obtained by a thread on 
a particular CPU, the lock-box passes the lock among the 
threads on that CPU, if they require it. If a thread fails to 
acquire a lock and must wait for it to become available, the 
threads instructions are flushed from the pipeline to prevent 
that thread consuming resources on the CPU. The mecha 
nisms of Synchronizing and possibly flushing the instruc 
tions are combined into one “Acquire' instruction, and all 
actions required by that instruction are carried out Strictly in 
hardware. 

0020 U.S. Pat. No. 5,524,247 is a software patent on 
Scheduling to avoid locks. It does not involve hardware and 
it is not related to SMT architecture. 

0021. The present invention resolves the problem of 
spin-lock in an SMT architecture by halting, or "quiescing.” 
spin-locking threads while they are waiting for Some event, 
i.e., the availability of a lock. 
0022. In accordance with an embodiment of the present 
invention, a method for halting execution of a program's 
instructions while the program is waiting for one or more 
events to occur in a simultaneous multithreaded processor or 
multiprocessor environment includes arming an event moni 
tor associated with the program by identifying one or more 
events to be monitored. Each thread preferably has its own 
event monitor. 

0023. An event may be, for example, a modification to 
Some identified memory location or group of locations, Such 
as a change of acceSS State or a change of value Stored in the 
location. A change of access State may be, for example, from 
shared to exclusive. Such an event is typically caused by 
another program. 
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0024. A change of value can be observed by monitoring 
a memory bus. In one embodiment, a write to the identified 
memory location, rather than observing a change in actual 
value Stored therein, is Sufficient to recognize the event. 
0025 The expiration of a timer is another example of an 
event that may be monitored. 
0026 Preferably, the arming of an event monitor is 
performed by executing an arm instruction which identifies 
the memory location to be monitored. The physical address 
of the memory location is recorded in a working register 
asSociated with the program, and an indicator Such as a flag 
is set to a first state which enables the event monitor to 
monitor for the event. The indicator is Set to a Second State 
if a change to the memory location whose address is 
recorded in the working register is observed by the event 
monitor. Preferably, a lock value is loaded from the identi 
fied memory location by the same arm instruction. 
0027. The method further includes requesting, by execut 
ing a quiesce instruction after executing the arm instruction, 
that the program be halted until the event is observed by the 
event monitor. There is no requirement that the program be 
halted. However, if execution of the program is halted, the 
event monitor monitors for the event. Subsequent to obser 
vation of the event by the event monitor, but not necessarily 
immediately after, execution of the program is resumed. 
0028 Preferably, it is the responsibility of the program to 
check whether the event has occurred when the program 
resumes execution from the quiescent state. Thus, to ease 
implementation, hardware is permitted to release a thread 
from its quiescent State occasionally even if the event has not 
occurred. 

0029. After requesting that the program be halted, i.e., the 
indicator has been Set to the first State, its execution is halted, 
if at all, only if the event has not yet occurred Since the 
arming. If the indicator is Set to the Second State, the program 
is not halted in response to the request to halt. 
0030 Preferably, upon halting execution of the program, 
program instructions Subsequent to the quiesce instruction 
are flushed from the instruction pipeline. 

0031) To allow for a quick restart when execution of the 
quiesced program or thread resumes, while the program is 
halted, program instructions are fetched into an instruction 
buffer and allowed to propagate into the instruction pipeline. 
The instruction buffer could be managed in various ways. 
For example, the percentage or absolute number of the 
threads instructions allowed into the buffer could be lim 
ited, or different instruction buffers could be allocated to 
different threads. 

0032 Preferably, upon halting execution of the program, 
a timer associated with the program is Set to time a prede 
termined time interval, and Started. If program execution has 
not been resumed for other reasons, for example if the 
monitored event has not yet occurred, program execution is 
resumed upon expiration of the time. Preferably, the timer is 
Stopped if execution of the program is resumed due to 
observation of the event by the event monitor. 
0033 Halting execution of, or quiescing, the program 
results in a reduction of power consumption, and allows 
other executing programs to utilize available resources. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0034. The foregoing and other objects, features and 
advantages of the invention will be apparent from the 
following more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
drawings in which like reference characters refer to the same 
parts throughout the different views. The drawings are not 
necessarily to Scale, emphasis instead being placed upon 
illustrating the principles of the invention. 
0.035 FIG. 1 is a schematic diagram comparing sample 
execution Sequences for three different architectures. 
0.036 FIG. 2 is a block diagram of a preferred embodi 
ment of the present invention. 
0037 FIG. 3 is a schematic diagram illustrating the 
operation of a fetch thread chooser of a preferred embodi 
ment of the present invention. 
0.038 FIG. 4 is a schematic diagram illustrating the 
operation of a map thread chooser of a preferred embodi 
ment of the present invention. 
0039 FIG. 5 is a flowchart demonstrating the execution 
of the arm instruction of a preferred embodiment of the 
present invention. 
0040 FIG. 6 is a schematic diagram illustrating an 
embodiment of the present invention in which the event 
monitor watches the status of an identified block of memory. 
0041 FIG. 7 is a schematic diagram illustrating an 
embodiment of the present invention in which the event 
monitor watches memory address and control lines. 
0.042 FIG. 8 is a flowchart demonstrating the execution 
of the quiesce instruction of a preferred embodiment of the 
present invention. 
0.043 FIG. 9 is a flowchart demonstrating that a quiesce 
instruction does not need to follow an arm instruction. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0044) A description of preferred embodiments of the 
invention follows. 

0045. In a simultaneous multithreaded CPU, the 
resources consumed by a spinning task are being denied to 
the other threads that are doing useful work. Thus it is 
desirable to prevent the task in the Spin lock from consuming 
resources when there is no chance that it will find the lock 
value it is looking for. Applicants refer to the action of 
pausing execution of a thread until the condition it is waiting 
for might be Satisfied as “quiescing the thread. In a Simul 
taneous multithreaded machine, the act of quiescing means 
that no instructions are executed from the quiesced “thread 
processing unit' or TPU. The other TPUs continue normally. 
0046) The present invention allows an SMT processor to 
execute more useful instructions per processor cycle, than 
would an SMT processor without a quiescent State, resulting 
in improved overall processor performance. 

0047 Applicants simulation results show that, using the 
quiescent State of the present invention, decomposed pro 
grams are executed from 1.1 to 2.5 times faster than the 
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equivalent Single-threaded program. Other runs done with 
out a quiescent State showed no speedup at all, or even 
degraded in performance. 

0048. In one embodiment, two variations of the arm 
instruction are implemented. LDL ARM loads a sign-ex 
tended longWord from memory to a register and arms the 
event monitor. LDQ ARM loads a quadword from memory 
to a register and arms the event monitor. These are herein 
referred to collectively as LDX ARM. 

0049 QUIESCE is a conditional instruction, i.e., a 
request to quiesce, or halt, execution of the thread executing 
the OUIESCE. 

0050. These instructions, to be used in sequence, LDX 
ARM followed by QUIESCE, allow a processor to declare 

that it has no work to do until Some other processor writes 
a specified location in memory Space. 

0051 FIG. 2 is a block diagram of a preferred embodi 
ment of the present invention. ASMT CPU 100 can execute 
several threads simultaneously. While a TPU is somewhat 
abstract, there are definite physical components which 
belong to each TPU. Here, the CPU 100 comprises multiple 
TPUs, of which two, TPU #1101A and TPU #N 101N, are 
shown. Only the details of TPU #1101A are shown, for 
demonstrative purposes. Bus 135 connects the various TPUs 
to the memory 137. 

0.052 Each TPU has an event monitor 109 to monitor for 
events identified in an event identification register 103. In a 
preferred embodiment, this event identification register 103 
is a watch physical address register which holds the 
address of a lock 139 located in memory 137, as indicated 
by dashed arrow 141. The lock address is loaded into the 
event identification register 103 upon execution of an arm 
instruction 113. At the same time, an “armed” watch flag 
indication 105 is set to a state to indicate that the event 
monitor 109 is now armed, and the event monitor 109 begins 
monitoring for the identified event. 

0053. Upon execution of a quiesce request instruction 
117, quiesce logic or execution scheduler 110 starts a 
quiesce timer 107, and if the armed indication 105 is set, i.e., 
the event monitor 109 is armed, the quiesce logic 110 sets 
the TPU's state 111 to quiesce mode, that is, the TPU 101A 
is quiesced. 

0054. Upon observation of the event by the event monitor 
109, for example, a change to the lock 139 referenced in the 
event identification register 103, the event monitor clears the 
armed indication 105 and notifies the quiesce logic 110 
which sets the TPU's state 111 to a non-quiesce mode, that 
is, the TPU resumes execution. Note that even if the TPU 
had not quiesced, observation of an identified event by the 
event monitor 109 will clear the armed indicator 105. Note 
also, that although not shown, expiration of the timer could 
be an identified event for which an event monitor could be 
armed. 

0055 FIG. 3 is a schematic diagram which illustrates the 
operation of a fetch thread chooser or Selection circuit of a 
preferred embodiment of the present invention. Each TPU or 
thread has a corresponding program counter (PC) 305, 
which indicates, for the TPU, the next instruction to be 
fetched from an instruction cache 311. A fetch thread mul 
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tiplexor 303 selects from the PCs 305 and passes the selected 
PC on to the instruction cache 311. 

0056. The fetch thread multiplexor 303 selects a thread 
PC based on control signals 302 generated by a fetch thread 
chooser 301. Based on the quiesce states 309 of each thread, 
as well as various other control signals 307, the fetch thread 
chooser 301 selects a thread. 

0057. In one embodiment, the fetch thread chooser 301 
Selects only PCs associated with non-quiescent threads. 
Alternatively, the fetch thread chooser 301 may select a PC 
corresponding to a quiescent thread based on availability of 
unused instruction buffer space allocated to that thread. 
0.058 FIG. 4 is a schematic diagram illustrating a pre 
ferred operation of a map thread chooser or Selection circuit, 
similar to that of the fetch thread chooser described above. 
As shown, each TPU or thread has an instruction buffer 355. 
In practice, a single buffer may hold instructions for all 
executing threads, where certain portions of the buffer are 
allocated for certain threads, or alternatively, where the 
thread instructions are interspersed within the buffer and 
identified with their threads. 

0059) A map thread multiplexor 353 selects from the 
buffers 355 and passes instructions from the selected buffer 
on to a mapper 361, which maps a “virtual” register named 
in an instruction to a physical register on the CPU. The map 
thread multiplexor 353 selects from a thread based on 
control signals 352 generated by a map thread chooser 351. 
Based on the quiesce states 309 of each thread, as well as 
various other control signals 357 which may comprise some 
or all of the same control signals 307 of FIG. 3, the map 
thread chooser 351 selects a thread. 

0060. The map thread chooser 351 selects only instruc 
tions from threads which are in a non-quiescent State. 
0061 Here is an example code sequence: 

0062) Line 1: LDQ ARM R1, (R5) 
0063) Line 2: <branch to GetLock if lock available)> 
0064) Line 3: QUIESCE 
0065) Line 4: GetLock: 

0.066. In this example, the virtual address of the lock 139 
is held in register R5. At line 1, LDO ARM computes the 
lock's physical address from the contents of register R5, 
records that physical address in the event identification 
register 103, i.e., the watch physical address register, and 
loads the lock value from the physical address in memory 
into register R1. At this time the hardware also sets the 
armed, or watch flag, indication 105, and the event monitor 
109 monitors for a change to the memory location recorded 
in watch physical address. If any Such change is observed, 
watch flag is cleared. 
0067 FIG. 5 is a flowchart 10 illustrating the operation 
of the LDx ARM instruction. A preferred format of the 
instruction is “LDx ARM Ra, (Rb).” The virtual address of 
the memory location, i.e., the lock 139 (FIG. 2), to be 
monitored by the event monitor 109 is in register Rb, where 
Rb is Some designated register. The value Stored in the lock 
is read and loaded into the register designated by Ra. 
0068 The lock value is fetched from memory, sign 
extended for LDL ARM, and written to register Ra (step 
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12). If the LDx ARM instruction encounters an exception 
(Step 14), it is treated just as a normal load instruction (Step 
15). 
0069. When a LDx ARM instruction is executed without 
faulting, the processor records the target physical address in 
a per-processor watch physical address register (step 16) 
and sets the per-processor watch flag (Step 18). 
0070) Executing a LDx ARM on one TPU does not 
affect any architecturally visible state on another TPU, and 
in particular cannot clear another TPUs watch flag, causing 
the quiescing processor to come out of a quiescent State. 
Without this restriction, two processors executing 
LDQ ARM/QUIESCE sequences could be continually re 
arming each other. 
0071 Referring again to the above example code 
Sequence, the program, at line 2, then tests the value of the 
lock to see if it is available. If So, the program branches away 
to GetLock where it will attempt to get the lock. If not, the 
program continues to line 3. 
0072 At line 3, the QUIESCE instruction is executed. If 
watch flag is still Set, the TPU ceases executing instructions 
from the program, i.e., it quiesces. If not, execution contin 
ues immediately at line 4. 
0073. If the program does quiesce, it stays in this quies 
cent state until the watch flag 105 is cleared. This happens 
when Some change occurs to the memory location recorded 
in watch physical address 103, but can also happen at the 
end of an implementation-specific timeout period, or for 
other implementation-specific reasons, and therefore, wak 
ing up is no guarantee to the program that an event identified 
for monitoring actually occurred. 
0074. One way of recognizing that a memory location has 
changed value in a multiprocessor is to observe that another 
TPU has changed the access State of the memory location, 
for example, from “shared” to “exclusive,” while in the 
same CPU, hardware monitors the addresses on the write 
bus. 

0075. In a preferred embodiment, monitoring the identi 
fied memory location is simplified by using existing the 
cache-coherence protocol. That is, each cache block is in 
Some State. For example, one State might be “read-shared,” 
i.e., SHARED, wherein many processors have read access to 
any memory location in the block. Another State might be 
“writable,” i.e., EXCLUSIVE, wherein only one processor 
has access to the block, and that is read and write access. 
Here, when Some process or thread is in the writeable State, 
a quiescing proceSS which is watching a memory location in 
the block wakes up, possibly before the actual write, but not 
before it can read the data. Thus, the quiescent processor 
wakes up, that is, it resumes executing its thread, by watch 
ing the State of a block, rather than the particular location. 
0076 FIG. 6 is a schematic diagram illustrating an 
embodiment of the present invention in which the event 
monitor watches the status of an identified block of memory. 
Here, a multiprocessor System is shown, comprising mul 
tiple CPUs 201A-201M. Though not necessary, for exem 
plary purposes, each CPU is an SMT CPU. 

0077. Each CPU 201A-201M has several TPUs (101A 
101P shown). Each TPU has a respective event monitor 
109A-109P. 
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0078. The memory system 137 has a master memory 
status buffer 401, which indicates a status Such as SHARED 
or EXCLUSIVE for each memory block. In addition, each 
CPU has a CPU-wide memory status buffer 403, which 
contains copies of the information in the master memory 
status buffer 401 pertinent to that CPU. When the status of 
a block of memory changes, a message is preferably Sent out 
to those CPUs which need to know about the change, 
preferably over an inter-CPU messaging bus 405. The event 
monitor 109A-109P of this embodiment monitors the inter 
CPU messaging bus 405. When the status of an identified 
block, or of a block containing an identified memory loca 
tion or lock, changes to EXCLUSIVE, for example, the 
corresponding event monitor is triggered to reset the watch 
flag indicator 105 and notify the quiesce logic 110 that the 

event has occurred. 

0079 Alternatively, hardware could watch address/data 
Signals on the memory bus. 
0080 FIG. 7 is a schematic diagram illustrating an 
embodiment of the present invention in which the event 
monitor 109 watches memory address lines 135A and con 
trol lines 135B. Comparator 180 compares the watch physi 
cal address 103 with the address on the memory bus 135 
address lines 135A. The comparator 180 is only enabled for 
write operations, for example, when WRITE is asserted on 
a read/write control line 135B. The output 181 of the 
comparator 180 indicates whether a write to the identified 
location, i.e., the monitored event, has occurred. 
0081 FIG. 8 is a flowchart 20 illustrating the operation 
of the QUIESCE instruction 117 of FIG. 2. The preferred 
format is simply “QUIESCE' with no parameters. The 
watch flag indication 105 is checked in step 22, and if it is 
clear, nothing is done. Thus, the QUIESCE instruction is 
really a conditional quiesce, or a request to quiesce. 
0082) If, on the other hand, the watch flag 105 is set, the 
implementation-specific quiesce timer 107 is Set to time 
Some implementation-specific finite period of time (step 24) 
and execution of the thread is halted 26, i.e., the TPU 101A 
is quiesced. An examplary period of time is between 10,000 
and 100,000 machine clock cycles. For Some quiescing 
threads, the timer is disabled. 
0083) The event monitor 109 now monitors the memory 
location identified in the watch physical address register 
103. Alternatively, the event monitor may always be moni 
toring for the identified event, regardless of the State of the 
watch flag indicator-it simply would take no action if the 
watch flag were not set. If the event is observed (step 28), 
the watch flag is cleared and the quiesce logic 110 notified. 
If the quiesce period ends before the quiesce timer 107 
expires, the timer 107 must be stopped to prevent it clearing 
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watch flag after a future LDx ARM. (step 34). Finally 
execution of the program is resumed. 

0084. On the other hand, if the event is not observed at 
step 28, the timer is monitored at step 30. If it has not 
expired, the program remains quiesced and the event moni 
tor continues to monitor for the event at step 28. Note that, 
although steps 28 and 30 are shown sequentially in the 
flowchart of FIG. 8, they are performed by hardware and 
may in fact be performed in parallel. Finally, if the timer 
expires before the event is observed, the watch flag is 
cleared (step 32) and again, program execution is resumed 
at step 36. 

0085. The quiesce timer 107 is useful and/or necessary 
for Several reasons. First, the timeout enables the implemen 
tation of a backoff algorithm, where a proceSS can desched 
ule itself after some period of time if it has not obtained the 
lock. Second, the timer prevents a processor from deadlock 
ing if there is a coding error. Third, Suppose the code 
updating the memory location 139 takes an access Violation 
So that the lock is never unlocked. The quiesce timeout 
allows the waiting processor to wake up and discover the 
problem with checking code. 

0086). If a longer quiesce period is desired than that 
provided by a given hardware implementation, Software can 
implement the longer period by looping and quiescing 
repeatedly. 

0087. After the quiescent period, execution resumes at 
the instruction following the QUIESCE, or, if the QUIESCE 
was terminated because watch flag was cleared by an inter 
rupt, execution may resume at an interrupt Servicing routine. 
0088. In a preferred implementation, if an interrupt 
causes a processor to end a quiescent period and immedi 
ately start executing the interrupt Servicing routine (ISR), 
that ISR may return to the QUIESCE instruction only if 
watch flag is guaranteed to be clear. If it is not, the ISR must 
return to the instruction after the QUIESCE, since the value 
of watch physical address may have been changed by a 
LDX ARM executed while servicing the interrupt. 
0089. In at least one embodiment, if an interrupt occurs 
during a quiescent period, the ISR does not have to be started 
immediately after the QUIESCE. The hardware may choose 
to delay execution of the ISR until some later point in the 
instruction Stream. 

0090. A more detailed example code sequence using the 
quiesce operation follows. In this program, register R5 
contains the address of a lock. The program is spin-locking 
on the lock until the lock holds the value 0. Register R0 is 
loaded with the value of the lock by the LDQ Linstruction. 

LDO L RO, (R5) load the lock value 
BNEO R0, HandleBusy Lock ;if not available, quiesce 
<modify RO> 
STO C RO, (R5) ;store new lock value if lock flag 

still set 

BEO RO, GetLock ;if store conditional failed, try 
again 
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-continued 

<critical section> 
<clear locki> ;done 
RET 

HandleBusy Lock: 
LDA R2, 0x400(R31) set bit 10, SMT bit in AMASK 
AMASK R2, R2 test whether SMT processor 
BEO R2, CheckLock if no SMT, skip quiesce 
LDQ ARM RO, (R5) 

put lock address into 
watch physical address 
set watch flag 

BEO RO, GetLock ;if lock available, try to get it 
OUIESCE ;if Watch flag set, go quiet 

CheckLock: 
LDO RO, (R5) ;load lock value again 
BEO RO, GetLock ;if available, try for it again 
<check for spinning on lock too long> 
BR HandleBusy Lock ;loop again 

0.091 In this code sequence, testing the lock just after the 
LDO ARM instruction is crucial to performance in the case 
where the lock is available-otherwise the code would 
quiesce needlessly. Having execution after the QUIESCE 
fall through into the CheckLock section allows the lock to be 
checked again, in case the quiescent State ended for Some 
other reason than a change in the lock value, Such as a 
timeout or interrupt. Note however, that for a lock which is 
highly contended, the “BEQ R0, GetLock' lines will 
mispredict when the lock is finally given up, assuming that 
the program quiesced multiple times before getting a chance 
at the lock. This mispredict will slow down the attempt to get 
the lock. 

0092. Note also that if the LDQ ARM is executed and 
QUIESCE is not executed, because a branch is taken to get 
the lock, the watch flag will still be set. It will continue to 
be set until it is cleared by one of the conditions given for 
clearing watch flag. This should have no actual effect Since 
the processor is not quiesced at the time. The fact that a 
processors watch flag is set when the event monitor is not 
actually watching for anything is harmless. The next LDX 
ARM which executes will load a new watch physical ad 

dress and Set watch flag whether or not it is already Set. 
Thus, LDx ARM and QUIESCE instructions need not be 
paired. 

0093. The flowchart 50 of FIG. 9 demonstrates this 
concept. In particular, a LDx ARM 52 may be followed by 
a conditional branch 54. On the fall-through path 56 a 
QUIESCE 58 is executed, whereas on the taken path 60 no 
matching QUIESCE is executed. 

0094. In some embodiment, the thread may fail to QUI 
ESCE for a variety of reasons. 

0.095 For example, if any other memory access is 
executed on the given TPU between the LDx ARM and the 
QUIESCE, the TPU may always fail to quiesce on some 
implementations. Otherwise, a direct-mapped translation 
buffer could thrash. Or, the memory reference could change 
the contents of the cache upon which the implementation 
might depend. 

0096. Some instructions, such as floating-point instruc 
tions, executed between the LDx ARM and the QUIESCE, 
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we have the lock, now do the real work 

load the lock value at address R5 into RO 

may cause a TPU to always fail to quiesce on Some 
implementations due to, for example, an Illegal Instruction 
Trap. 

0097. Similarly, if an instruction with an unused function 
code is executed between the LDx ARM and and the 
QUIESCE, on some implementations the TPU may fail to 
quiesce because an instruction with an unused function code 
is unpredictable. 
0098. The watch flag and watch physical address reg 
ister are loaded simultaneously with the reading of the value 
of the lock. If the lock value becomes unlocked before the 
QUIESCE is executed, watch flag is cleared because the 
watched location has been modified, preventing the TPU 
from quiescing needlessly. Of course, if the watch flag is not 
cleared due to the change in the lock, the quiescent timer will 
eventually time out and end the quiescent period. 
0099 Since watch flag and watch physical address are 
implicity written by LDx ARM and implicity read by 
QUIESCE, any speculative execution of those instructions 
must preserve the read-order and write-order of watch flag 
and watch physical address, as intended in the original 
program. 

0100 For example, in the code sequence below, if the 
first branch is incorrectly predicted taken, the Second LDX 
ARM must not be allowed to affect the behavior of the first 
QUIESCE by changing watch physical address. 

01.01 LDQ ARM R1, (R5) 
01.02 BEQ RI, test 
0103 QUIESCE 

01.04) test: 
01.05) LDQ ARM R1, (R5) 
01.06 BEQ R1, xxx 
01.07 QUIESCE 

0108. When a TPU enters the quiescent state or mode, all 
instructions subsequent to the QUIESCE are flushed from 
the pipeline, the quiesce timer is started, and the QUIESCE 
instruction is retired. This is analogous to what happens on 
a branch mispredict. Instruction fetch restarts at the instruc 
tion after the QUIESCE instruction. 



US 2004/0073905 A1 

0109 For quick restart, instructions from the quiesced 
thread are fetched and allowed to propagate into the pipeline 
up to the mapper. When execution restarts, the thread 
chooser that selects instructions from the buffer to be 
mapped and executed can immediately Select from the 
previously-quiesced thread, without incurring the delay of 
fetching instructions from the instruction cache. Since 
instructions from the quiesced thread are not mapped, that 
thread does not consume valuable Inum space (Inums serve 
to identify "in-flight” instructions) or physical registers. 
Also, since instructions subsequent to the QUIESCE are no 
longer in the issue queue, the TPU does not consume 
execution resources after it quiesces. 
0110. In-order execution of LDx ARM and QUIESCE is 
ensured through the defined dependency on watch flag 
LDX ARM sets it and QUIESCE uses it as a condition on its 
operation. 

0111 By having the LDx ARM load the lock value so 
that code can test the lock before executing the QUIESCE, 
the possibility of a race between the lock just becoming 
available, and quiescing the machine is eliminated. 
0112) In a preferred embodiment, these instruction are 
assigned codes Such that a program utilizing them is still be 
functional even when executed in older machines. 

0113 Preferably, opcodes for the arm and quiesce instr 
cutions are chosen Such that they are memory format 
instructions, and appear as NOPs to earlier architectures. 
0114. By meeting these criteria, programs could be writ 
ten using LDx ARM/QUIESCE instructions without using 
AMASK to condition the code based on the processor type. 
AMASK is an instruction which returns a value indicative of 
resources on a CPU, i.e., the CPUs architecture. Using the 
AMASK instruction, code which depends on the register 
value loaded by the LDx ARM must execute an ordinary 
load before the LDx ARM, to accomplish the load opera 
tion in the older machines. 

Alternative Embodiments to the 
LDx ARM/QUIESCE Approach 

0115. As the preferred LDx ARM/QUIESCE embodi 
ment was being developed, a number of alternative embodi 
ments were also considered, as discussed below. 
0116 1. Timer-Based 
0117. In this embodiment, a QUIESCE instruction starts 
a timer and unconditionally quiesces, the timeout being the 
event upon which the event monitor wakes up the quiescing 
TPU. There is no arm instruction. This was found not to 
obtain Satisfactory Speedups in execution. 
0118 2. Unified QUIESCE Instruction: QUIESCE Ra, 
(Rb) 
0119) This embodiment also has no explicit LDX ARM 
instruction. The QUIESCE instruction performs a load. If a 
QUIESCE is executed when the watch flag is clear, it loads 
watch physical address, sets watch flag and does not qui 
esce the processor. Thus, it acts as an LDX ARM instruc 
tion. 

0120) If a QUIESCE is executed when the watch flag is 
Set, it does quiesce the processor. The processor stays 
quiesced until its watch flag is cleared by a store to watch 
physical address. 
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0121 For the “first" QUIESCE, the load data can be 
tested by Subsequent instructions to find out if the lock is 
held. For a "second quiesce, it is unclear what that load 
means or when it is loaded. It is preferable to load the lock 
value at the end of the QUIESCE period, to see what it has 
changed to, but this is very difficult to implement. 

0.122 The advantage of this embodiment is that it 
requires just one instruction. However, it is more difficult to 
understand and implement. For example, as discussed 
above, there are two flavors of the instruction, a “first and 
a "second.” Furthermore, it is not clear how meaningful data 
would be returned to the second QUIESCE. Finally, speci 
fying what can or cannot happen between QUIESCE 
instructions may be unmanageable. 

0123. 3. Use of Architectural Registers to Enforce LDX 
ARM/QUIESCE Dependency. 

0124. In this alternative embodiment, LDO ARM is a 
load and QUIESCE is a store, of sorts. A sample code 
Sequence would appear as follows: 

LDQ ARM RO, (R5) 
BEQ getlock 
QUIESCE RO, (R31) 

; this is a load 

; this is a "store' getlock: 

0125 Since the QUIESCE reads the value in register R0, 
the already-existing hardware in an out-of-order implemen 
tation will naturally keep the QUIESCE in-order with the 
LDQ ARM, upon which it is dependent. The watch physi 
cal address and watch flag registers are used as in the 
originally preferred embodiment discussed previously. 

0126 4. Add LDx ARM Functionality to LDX L 
0127. In this alternate embodiment, the LDx ARM func 
tionality is overloaded on the LDX Linstruction. Whenever 
a LDX L is executed, the watch physical address and the 
watch flag are set, in addition to the lock flag and the 
lock physical address. 

0128. Alternatively, instead of having the watch flag and 
watch physical address registers at all, the lock flag and 
the lock physical address could be used both for LDX L/ 
STX C functionality and for ARM/QUIESCE functionality. 
In this case, QUIESCE would watch for the clearing of the 
lock flag. The same LDX L would not be used both as the 
partner of a QUIESCE and the partner of a STX C. If the 
watch register and indicator are used, LDX ARM function 
ality could be specified using the low address bit of the 
LDX L to specify ARM. If only the lock registers are used, 
no differentiation in the LDX L instruction is needed. 

0129. The LDX L (“load lock”) and STx C (“store con 
ditional’’) instructions are described in pages 4-9 through 
4-14 of “Alpha Architecture Handbook,” Version 4, Compaq 
Computer Corporation, 1998, which is incorporated by 
reference herein in its entirety. 

0.130. These approaches have the advantage that only one 
new instruction, QUIESCE, is needed. In addition, a code 
corresponding to a no-operation (NOP) instruction for ear 
lier architectures, could be more easily selected for QUI 
ESCE than for LDx ARM instruction, providing backward 
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compatibility. Finally, LDX-L and LDx ARM already share 
a lot of functionality, So implementation is relatively 
Straightforward. 

0131 However, this does overload the LDX L instruc 
tion, making code using the instruction more difficult to 
understand and Verify. Furthermore, implementations would 
be restricted by requiring two functionalities. For example, 
LDX L would not be able to request write privileges for a 
block, Since it might be used in conjunction with a QUI 
ESCE rather than a STX C. 
0132) 5. Define QUIESCE to be a Load and Test. 
0133). In this alternate embodiment, the QUIESCE 
instruction loads a value, and the processor quiesces based 
on that value. A quiesce instruction formatted as “QUIESCE 
Ra, (Rb)” loads register Ra with the value stored in the 
memory address in register Rb. The thread quiesces if the 
value in Ra is non-zero, and is effectively a NOP if the value 
in Ra is a zero. The QUIESCE instruction also loads the 
watch-flag and the watch physical address. 
0134) Thus, the advantages of this approach are that 
LDX ARM instructions are not needed, and therefore cod 
ing restrictions not needed, and only one instruction is 
needed to accomplish the functionality. 

0135 Unfortunately, it is too restrictive to have just one 
flavor of test, so different types of QUIESCE must be 
defined, just as there are many types of branches. In addi 
tion, this is a different type of instruction, requiring hardware 
to operate on load data, that is, data loaded from memory. 

0136 6. Define QUIESCE to be a Read of Memory and 
Compare With a Register. 

0137) This embodiment uses QUIESCE as follows: 

0138 LDQ R0, (R5) 
0139 BEQ R0, getlock 

0140. QUIESCE RO, (R5) 
0141 getlock: 

0142. In this embodiment, the QUIESCE instruction in 
the above code Sequence translates the virtual address in 
register R5 and reads the lock value from that physical 
address. It then compares that lock value with the contents 
of register R0, which was previously loaded by a standard 
load instruction (the LDO instruction here) preceding the 
QUIESCE. If the two values are equal, the QUIESCE 
Succeeds and the thread quiesces. If they are not equal, the 
QUIESCE has the effect of a NOP and does not quiesce the 
thread. 

0.143 While the processor is asleep, i.e., quiescing, the 
hardware watches the physical address as calculated when 
the QUIESCE executed. This is analogous to the watch 
physical address register as defined in other instructions, 

but is entirely private to the hardware, that is, it is not visible 
to the Software at all. The quiesce period ends if Some write 
access occurs to that physical address. 

0144. One advantage of this approach is that a LDX 
ARM instruction is not needed, and therefore, coding 

restrictions are not necessary. Only one instruction is needed 
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to accomplish the functionality. Furthermore, the watch flag 
and watch physical register do not need to be defined as 
internal processor registers. 
0145 On the other hand, this approach presents a very 
complicated instruction, unlike any other, requiring a load 
from memory, a read from a register, and a compare all in the 
one instruction. Such an instruction is difficult to implement 
by introducing a datapath completely unlike anything exist 
ing in the current Alpha architecture. 
0146 While this invention has been particularly shown 
and described with references to preferred embodiments 
thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein 
without departing from the Scope of the invention encom 
passed by the appended claims. 
0147 While this invention has been particularly shown 
and described with references to preferred embodiments 
thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein 
without departing from the Scope of the invention encom 
passed by the appended claims. 

What is claimed is: 
1. In a digital processor, a method for temporarily halting 

execution of a given Stream of program instructions while a 
processor is waiting for a Subject event to occur, comprising: 

in response to waiting, arming an event monitor for 
monitoring occurrence of events, including identifying 
at least the Subject event; and 

halting execution of the given Stream of program instruc 
tions until occurrence of any one of the identified 
events is observed by the event monitor, Said halting 
execution including: 
monitoring, by the event monitor, for an identified 

event; and 
upon the event monitor observing occurrence of an 

identified event, resuming execution of the given 
Stream of program instructions. 

2. A digital processor System for temporarily halting 
execution of a given Stream of program instructions while a 
processor is waiting for a Subject event to occur, comprising: 

an event monitor which in response to processor waiting 
is armed via identification of the Subject event; and 

an execution Scheduler, responsive to the event monitor, 
which, upon a request that the given Stream of program 
instructions be halted until the subject event is observed 
by the event monitor, halts execution of the given 
Stream if the Subject event has not yet occurred since 
the event monitor was armed, and which resumes 
execution of the given Stream upon observation of the 
Subject event by the event monitor. 

3. In a digital processing System, a System for temporarily 
halting execution of a given Stream of program instructions 
while a processor is waiting for a Subject event to occur, 
comprising: 

event monitoring means, 
arming means responsive to a processor waiting, the 

arming means arming the event monitoring means by 
identification of the Subject event; 
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requesting means for requesting that the given Stream of 
program instructions be halted until the Subject event is 
observed by the event monitoring means, and 

halting means for halting the given Stream of program 
instructions in response to the requesting means, 
wherein if execution of the given Stream of program 
instructions is halted, execution of the given Stream of 
program instructions is resumed Subsequent to obser 
Vation of the Subject event by the event monitoring 
CS. 

4. An electronic circuit for temporarily halting execution 
of a given Stream of program instructions in a digital 
processing System while a processor is waiting for a Subject 
event to occur, comprising: 

an event monitor circuit, for monitoring for the Subject 
event identified in response to processor waiting, 

a quiesce logic circuit, which, responsive to the event 
monitor circuit and to a request to quiesce, temporarily 
halts execution of the given Stream of program instruc 
tions, and which, responsive to the event monitor 
circuit observing occurrence of the Subject event, 
resumes execution of the temporarily halted given 
Stream of program instructions. 

5. The method of claim 1 wherein the step of identifying 
comprises identifying at least one memory location to be 
monitored by the event monitor, and wherein the Subject 
event includes a modification to any Such identified memory 
location. 

6. The method of claim 5 wherein the modification 
comprises a change of State. 

7. The method of claim 6 wherein a change of state 
includes a change of access State. 
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8. The method of claim 7 wherein a change of access state 
is from shared to exclusive. 

9. The method of claim 7 wherein a change of access state 
is observed by monitoring an inter-CPU messaging bus. 

10. The method of claim 6 wherein a change of state 
comprises a change of value. 

11. The method of claim 10, wherein a change in value is 
observed by monitoring a memory bus. 

12. The method of claim 10 wherein a change in value is 
observed as a write to the memory location. 

13. The method of claim 1, wherein halting execution of 
the given Stream of program instructions allows other 
executing program instructions to utilize available 
CSOUCCS. 

14. The system of claim 2 wherein the subject event is 
identified by at least one memory location to be monitored, 
and wherein the Subject event comprises a modification to 
one of the identified memory locations. 

15. The system of claim 14 wherein the modification 
comprises one of a change of State, a change of acceSS State 
and a change of value. 

16. The system of claim 15 wherein a change in value is 
observed as a write to the memory location. 

17. The system of claim 14, wherein the Subject event 
includes a write operation to one of the identified memory 
locations, as observed by monitoring the address on a 
memory write bus. 

18. The system of claim 2 wherein instructions are 
executed out of order. 

19. The circuit of claim 4 wherein instructions are 
executed out of order. 


