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PROCESSOR HAVING MUTLIPLE I'ROGIZ41VI COUNTERS AND TRACE BUFFERS OUTSIDE AN
1;7~ECUTION I'II'ELINE Related Applications: The present application and
Appl. Ser. No. \- entitled "Out-of Pipeline Trace duffer for Instruction
Replay Following Misspcculation" (docket no. 42390.P4GG3) and Appl. Scr.
No. \-,- entitled "Memory System for Ordering Load and Store Instructions
in a Processor That Performs Out-Of Order Multithread Execution" (docket
no. 42390.P4GG5), filed concurrently herewith, Dave essentially common
specifications. Background of the Invention Technical Field of tllc
Invention: The present invention relates to processors and) more
particularly) to processors that process dependent tlueads concurrently.
I3ackttround nrt: Current superscaler processors, such as a
'microprocessor, perform techniques such as branch prediction and out-of
order execution to enhance perfornlance. Processors raving out-of order
execution pipelines execute certain instructions in a different order than
the order in which the instructions were fetched and decoded. Instructions
may be executed out of order with respect to instructions for ~~~l~icl~
there arc not dependencies. Out-of order execution increases processor
performalice by preventing execution units from being idle merely because
of program instruction order. Instruction results are reordered after
execution. The task of handling data dependencies is simplified by
restricting instruction decode to being in-order. The processors may then
identify how data flows from one ~iiistructio~i to subsequent instructions
through registers. To ensure program correctness, registers arc renamed and
instructions wait in reservation stations until their input operands arc
generated) at which time they are issued to the appropriate functional
units for execution. Tile register renamer, reservation stations, and
related mechanisms lint: instructions having dependencies together so that
a dependent instruction is not executed before the instruction on which it
depends. Accordingly) such processors arc limited by in-order fetch and
decode. 166166* "C00002   'c~~"2 WO 99!31580 PCT/US9&I26501 2 When the
instruction from the instruction cache misses or a branch is mispredicted,
the processors !lave either to wait until the instruction block is fetched
from the higher Level cache or memory, or until the nispredicted branch is
resolved, and the execution of the false path is reset. The result of such
behavior is that independent instructions before and after instruction
cache misses and mispredicted branches cannot be executed in parallel,
altl~ougl~ it may be con~ect to do so. Ivfultithrcading processors such as
shared resource multithreading processors and on-chip multiprocessor (MP)
processors Dave the capability to process and execute nultiplc threads
concurrently. Tlre threads shat these processors process and execute are
independent of cacti other. For example, the tlircads arc either from
completely independent progrars or arc from the sane program but arc
specially compiled to create tlucads without dependencies between threads.
E-lowever) these processors do not l~avc tf~c ability to concurrently
execute different threads from the same program that ray have dependencies.
Tl~c usefulness of the rnultithrcading processors is thereby limited.
Accordingly) there is a need for multititrcading processors that lave the
ability to concurrently c~ecute different threads from the same program
where there may be dependencies among tl~e threads. 



Summary of the Invention In one embodiment of the invention, a processor
includes an execution pipeline to concurrently execute at least portions of
tlueads, wherein at least one of the threads is dependent on at least
anotlicr one of the tlueads. The processor also includes detection
circuitry to detect speculation errors iii the execution of the threads. In
another embodiment, the processor includes thread management logic to
control dynamic creation of tlueads from a prosram. I3ricf Description of
the Drawings The invention will be understood more fully from the detailed
description liven below and from tl~e accompanying drawings of embodiments
of the invention which, however, should not be taken to limit the invention
to flit specific embodiments   1'.orllr ~C. ~~ WO 99131580 PCT/LJS98/26501
3 described. but arc for explanation and understanding only. FIG. 1 is a
hiol~ level block diagram representation of certain components ~n one
embodiment of a processor. -FIG. 2 is a block diasram of a processor
according to one embodiment of tV~c invention. FIG. 3 is a block diagram of
a processor according to another embodiment of the invention. FIG. ~l is a
flow diagram of an example of two threads. FIG. 5 is a flow diagram of
another example of two tlvcads. FIG. G is a flow diagram of an example
oCCour threads. FIG. 7 is a graph sl~owig overlapping execution of the
threads of FIG. G. f 1G. 8 is a block diagram illustrating individual tract
buffers according to one embodiment of the invention. FIG. 9 illustrates
a~i array indicating program and retirement orders at two times. FIG. 10 is
a block diagram representation of certain components in one 



embodiment of a trace buffer of FIG. 8. FIG. 1 1 is a block diagram
representation of certain components in another embodiment of a trace
buffer of FIG. 8. FIG. 12 is a graphical representation of portions of one
embodiment of an instruction queue array of the trace buffer of FIG. 10.
FIG. 13 is a graphical representation of portions of one embodiment of a
data and dependency array of the trace buffer of FIG. 10. 1~IG. 14
illustrates one embodiment of modifier registers and a modified register
used in creating the dependency field of the array of FIG. 10. FIG. 1 S is
a logical OR gate used in creating the dependency field of the array of
FIG. 13. F1G. 1 G is a flow chart illustrating one embodiment of operations
used to create the dependency field of tl~e array of F1G. 13. FIG. 17 is a
graphical representation of a particular register and locations in a   r ~
2 ~ a~/ Lt.~a ~ 11 ' WO 9931580 PCT/US98/26501 4 trace buffer that leas
dependencies thereon according to one embodiment of the invention. ):IG. 18
is a graphical representation of portions of one embodiment of an 



output register file of the trace buffer of FIG. 10. F1G. I9 is a graphical
representation of portions of one cmbodirnent of an input register file oC
the trace buffer of FIG. 10. F1G. 20 is a block diagram of a comparator
algid replay triggering logic used in connection with tile output register
tilt of FIG. 18 and the input register file of PIG. 19 according to one
embodiment of the invention. FIG. 21 is a Clow diagram illustrating points
at which the contents of the output register file may be utilized. FIG. 22
is a block diagram illustrating individual memory order buffers (MOBS)
within the MOB of FIG. 2 according to one embodiment of the invention. F1G.
23 is a graphical representation of portions of one embodiment of a stoic
buffer of one of the MOI3s of FIG. 22. F1G. 24 is a graphical
representation of portions of one embodiment of a load buffer of one of the
MOBS of FIG. 22. FIG. 25 illustrates a conrparator comparing addresses of
load and store instructions. FIG. 26 illustrates a cornparator comparing
addresses of stoic and load instructions. FIG. 27 is a block diagram
representation of MOB control circuitry and stoic buffers according to one
embodiment of the invention. FIG. 28 is a block diagram representation of
MOB control circuitry and load buffers according to one embodiment of the
invention. FIG. 29 is a flow diagram of an example of six threads. 



F1G. 30 is a fret illustrating a relationship in the threads of F1G. 29 at
a time tl . FIG. 31 is a tree illustrating a rclationsirip in the threads
of FIG. 29 at a time l2 assuming thread T4 is reset before tl>read T1
retires.   2 1' ~ ~i L`r' WO 99l31580 PCT/US98l26501 FIG. 32 is a tree
illustratirr~: a relationship in the threads of FIG. 29 at a time t2
assumrng tiucad T1 retires before thread T4 rs reset. FIG. 33 is a tree
illustrating a relationship in the tlueads of FIG. 29 at a tine t3. FIG. 34
is a flow diagram illustrating an example with five threads. F(G. 35 is a
tree illustrating a relationship in the threads of FIG. 34 at a time t 1.
FIG. 3G is a tree illustrating a relationship in the threads of FIG. 34 at
a tine l2. FIG. 37 is a block diagram presentation of a processor according
to an alternative embodiment to that of FIG. 2. FIG. 38 is a computer
system including the processor of FIG. 2. Dctaiicd Description of Preferred
Cmhodimcnls A. Creation of Threads and Overview of Pipeline 108 f3. Details
Rcgarding'fracc I3uffcrs l 14 1. Trace Buffer l 14A a. Instruction Queue
Array 202A b. D!\D Array 20GA and Dependency Generation Circuitry 212A c.
Output Register File 210A and Input Register Filc 208A 2. Trace Buffer 1
14' C. A Replay Sequence Algorithm D. Second Level or Final Retirement E.
I~~tcmory System 1. Store Buffers and Load Buffers 



2. Comparisons of Load and Store Addresses a. Execution of Load
Instructions b. Execution of Store Instructions c. Reset 3. Replay of Store
Instructions 4. Replays of Multiple Load Instructions 5. Final Retirement
of Load and Store Instructions F. Additional Information Regarding Tluead
Management Logic and Final Retircncnt Logic G. An Embodincnt Without
Multithreading H. Additional Information and Embodiments FIG. 1 illustrates
certain components of a processor 10. Processor 10 includes an execution
pipeline l2 and a trace buffer 14) which is outside execution pipeline 12.
Execution pipeline 12 may include a memory order buffer. Instructions on
conductors   1 Z ~~,:. L~A~2 C'V'O 99!31580 PCT/US98/26501 G I8 are
provided to executron pipeline 12 for execution. The instructions are also
provided through conductors 22 to irate buffer 14. Tile instructions may be
executed slreculativcly iii execution pipeline 12. Lxamples of the
speculation included data speculation and dependency speculation. Any of a
wide variety of speculations may be involved. Processor 10 includes
mechanisms, including in trace buffer 14, to detect speculation errors
(misspecufations) and to recover from them. Wllen a misspeculation is
detected, tile misspeculated instnrction is provided to execution pipeline
12 front trace buffer 14 through conductors 24 and is replayed in execution
pipeline 12. If an instruction is "replayed," tilt instruction arid a11
instructions dependent on the instruction arc re-executed, although not
necessarily simultaneously. If an instruction is "replayed in full," the
instruction and all instructions following the instruction in program order
arc re-executed. The program order is the order tile instructions would be
executed in an in order processor. Instructions may pass through conductors
I8 entirely in program order or in something other than program order.
Processor 10 may be art in order or out-of order processor. Tile
re-execution of a dependent instruction may result in instructions which
arc dependent on tile dependent instruction beins replayed. The number of
re-executions of instructions cars be controlled by controlling tile events
which trigger replays. In general, tile term execute may include oril;inal
execution and re-execution. Results of at Icast pare of the instructions
arc provided to trace buffer through conductors 2G. Final retirement logic
34 finally retires instructions in trace buffer 14 after it is assured that
lilt instructions were correctly executed either originally or in
re-execution. Execution pipeline 12 may be any of a wide variety execution
pipelines arid may be a section of a larger pipeline. Execution pipeline 12
may be used in connection with a wide variety of processors. Examples arc
provided in FIG. 2 which illustrates components of a processor 50 leaving
an execution pipeline l08, arid ire FIG. 3 which illustrates a processor
100 having an execution pipeline 308. In the embodiment of tilt invention
in FIG. 2, execution pipeline 108 includes register renaming. (n other
embodiments, the execution pipeline dots not include register renaming. The
processor   1 ! ~11 LC ~.i~ WO 99/315S0 



PCT/U598I26501 7 may concurrently process multiple threads (as in the case
of processor 50 in FIG. 2), or not concurrently Process multiple threads
(as in the case of processor 100 lit P1G. 3). Processor 50 will be
discussed first. Reference in the specification to "one embodiment" or "an
embodiment" means shat a particular feature, structure) or characteristic
described in connection with the cmbodirttent is included in at least one
embodiment of the invention. The appearances of tire phrase "in one
embodiment" in various places in the specification arc not necessarily all
referring to the same embodiment. A. Creation of Threads and Overview of
Pipeline 108 Instructions are Provided through conductors l02 to art
instruction cache (I cacfte) 1 U4. A decoder 10G is illustrated as
receiving instructions from I-cache 104, but alternatively could decode
instructions before they reach 1-cache 104. Depending on the context and
implementation chosen, the term "instructions" may include macroopcrations
(macro-oP), micro-oPcrations (uops), or sonic other form of instructions.
Any of a variety of instruction sets may be used including, but not limited
to) reduced instruction set computing (DISC) or complex instruction set
computing (C1SC) instructions. Further, decoder 10G may decode CISC
instructions to IZISC instructions. Instructions from I-cache 104 arc
provided to pipeline 108 through MUX 1 l0 arid to trace buffers 1 14
through conductors 1 18. A trace is a set of instructions. A thread
includes the trace arid related signals such as register values acrd
program counter values. Thread management logic 124 creates different
threads front a program or process in I-cache 104 by providing starting
counts to Program courtiers 112A, 1 12B, ..., 1 12X) through conductors l30
(where X represents the number of program counters). As art example) X may
be 4 or more or less. Thread management logic l24 also ends threads by
stopping the associated Program counter. Thread management logic 124 may
cause the program counter to then begin another thread. Portions of
different tlueads are concurrently read from I-cache 104. To dctenninc
where in a program or process to create a thread, thread   1'.s ~I WO
99!3180 PCT/US98I26~01 8 management logic l24 may read instructions Crom
decoder lOG through conductors 128. The tlucads may include instructions
inserted by a programmer or compiler that expressly demarcate the
begituiing and ending of threads. Alternatively, tluead manaEcment logic
124 may analyze instructions of the program or process to break up a
program or process supplied to I-cache f 04 into different tfueads. For
example) branches) loops, backward branelles) returns, jumps, procedure
calls) and function calls may be hood points to separate threads. Thread
management logic 124 may consider tl~e length oCa potential tiircad, how
many variables arc involved) the number oC variables that arc common
between successive tlucads, algid other factors in considering where to
start a thread. Tlircad management logic 124 may consider tl~c program
order in determining tl~e boundaries of threads. Tl~c program order is flit
order ilic tiueads and the instructions witf~in tl~c tlueads would be
executed on an in order processor. The instructions within the threads may
be executed out of order (contrary to program order). Tl~c threads may be
treated cssciUially independently by pipeline 108. Tlucad mauagcmcnl logic
124 may include a prediction mechanism including a history table to avoid
making Icss than optimal choices. For example, thread management logic 124
may create a thread and then later determine that the thread was not
actually part of the program order. In that case, iC the same code is
encountered again, the prediction mechanism could be used to deterniine
whether to create that same thread again. Thread management logic 124 may
use a combination of a dynamic creation of tlueads and use of express
instruction hints from a compiler or programmer to determine where in the
instructions to create tlircads. Dynamically creating threads is creating
tlUCads from a program that was not especially written or compiled for
multithreading) wherein at icast one of the tlucads is dependent on another
of the tlUCads. The program may originate from off a chip that includes
execution pipeline 108 and thread management logic 124. Dynamically
creating the threads, executing the threads, and detecting and correcting
speculation errors iii the execution is referred to as dynamic
multithreading. 



F1G. 4 illustrates a thread Tl that includes a conditional backward branch
~'r~7 I L tr. ~.1~ WO 99!31580 PCTIUS9&I26501 9 instruction. In program
order, thread T2 is executed followlns the conditional branch instruction.
In time order) thread T2 is executed speculatively beginning at the time
thread T 1 first reaches tire conditional branch instruction. Therefore)
portions of thread T1 and T2 are executed concurrently. If thread T2
involves misspeculations, the effected instructions of thread T2 are
replayed. Thread management logic 124 may monitor the count of the program
counters through conductors l30. A purpose of monitoring the count is to
determine wltcn a thread should end. For example, when the condition of the
conditional branch is not met) if the program counter of tl>read T1 were
allowed to continue, il would advance to the first instruction of thread
T2. Therefore, thread management logic 124 stops the program counter of
tlucad T1 when the condition is not met. FIG. 5 illustrates a thread T1
that includes a function call instruction. In program order, when the call
instruction is reached) the program counter jumps to tile location of tire
function and execute until a return instruction, at which time the program
counter returns to the instruction after the call. In program order) thread
T2 begins at the instruction following the return. 1n time order, thread T2
is executed speculatively beginning at the time thread T 1 Grst reaches the
call. I f thread T2 involves misspeculations, the effected instructions of
thread T2 are replayed. Thread T l ends when its probram counter reaches
the first instruction of thread T2. The Load MX and Store MX instructions
in f 1G. 5 will be discussed below. FIG. G illustrates threads T1, T2, T3)
and T4 which are part of a section of a program. Di fferenl rrogram
counters produce threads T 1, T2, T3, and T4. Thread T l includes
instructions to point A (function call instruction) and there from point
I3, to point C (conditional backward branch instruction), to point D and to
point C again (the loop may be repeated several times). Tread T2 begins at
the instruction that in program order is immediate after the return
instruction of the function that is called at point A. Tlucad T3 begins at
the instruction that in program order is immediately after the conditional
backward branch of point C and continues to point E, to point F, to point
G) to point H) and to point I, which is a return instruction to the
instruction   '.n11 Lt rr2 CVO 99I31580 PCT/U598/26~01 10 immcdlately
following point A where thread T2 begins Tltread T4 begins at the
instruction that in program order is immediately after the conditional
backward branch at point E. As illustrated in PIG. 7) portions of threads
T1, T2, T3, arid T4 arc fetched, decoded, arid executed coltcurrently. The
threads arc fetched) decoded, and executed out of order because the program
order is not followed. In time order) execution of threads T2, T3, arid T4
bCg111S llltItlCCIlalCly f011owlng instructions at points A) C, and C,
respectively. The vertical dashed lines show a parent child relationship.
Threads T2, T3, and T4 are executed speculatively by relying on data in
registers and/or mcrnory locations before it is certain that the data is
correct. Processor l00 alas mechartisnts to detect misspeculatiorl and
cause ntisspcculatcd instructions to be replayed. It turns out that thread
T4 is riot part of rite program order. Thread T4 may be executed until
thread managentcnt logic 124 determines that thread T4 is not part of the
program order. At that time, thread T4 may be reset and the resources that
held or process thread T4 in processor 100 may be deal located and then
allocated for another thread. In program order, threads T1, T2) and T3
would be executed as follows: first thread T1, then tltread T3) arid then
thread T2. 



Referring to rlG. 2, instructions from MUX I ! 0 arc received by
rename/allocate unit 150 which provides a physical register identification
(PR.ID) of the rcnarned physical register in register Cile 152. The PRID is
provided to trace buffer 114 tltrough bypass conductors 12G. Allocation
involves assigning registers to the instructions and assigning entries of
the reservation stations of schedule/issue unit 15G. Once the operands arc
ready Cor a particular instruction in the reservation stations, the
instruction is issued to one of tire execution units (c.g., integer)
floating point) of execution units 158 or a memory execution pipeline which
includes address generation unit (AGU) 172, memory order buffer (MOB) l78,
and data cache 17G. Depending on the instructions) operands may be provided
front register file 152 through conductors 1G8. Under one embodiment of the
invention, dependent instructions within a thread may be so linked that
they are not executed out-of order. However, dependent instructions from
C 2 ~~~~,~' c~`"~ WO 99/31580 PCT/US98126501 11 different tlucads way be
concurrently fetched, decoded, and executed out-of order. The execution of
certain of the threads may be speculative. For high performance,
reservation stations and related mechanisms arc designed to leave both low
latency and higls bandwidth issue of instructions. The latency aNd
bandwidth requirements place restrictions on the number of instructions
that can be waiting in the reservation stations. By positioning trace
buffers 1 14 outside pipeline l08) a large number of instructions can be
available for cxeculion/rcplay without significantly decreasing throughput
of pipeline 108. The effect of latency between execution pipeline 108 and
trace buffers 1 14 can be reduced through pipelining. The result of a
execution and related information arc writteN from writcback unit I G2
through conductors 122 (in the case of registers) and lfuough MUX 192 and
conductors 19G to trace buffers I 14. The results and related information
may also be written to register file l 52 and associated re-order buffer
(ROB) 1 G4. Once the result and information of an instruction arc written
to register file 152 and ROB 1G4) the instruction is retired in order as
far as pipeline I08 is concerned. This retirement is called a first Icvel
or initial retirement. At or before tl~c first Icvel retirement, resources
for tl~e retired instruction in schcdule/issuc unit 15G including the
reservation stations, register file 152, and ROL3 I G4 arc dcallocatcd.
However, all needed details regardinb the instruction are maintained in
trace buffers 1 14 and 110L3 178 until a final retirement) described below.
n dependency exists between a later thread and an earlier thread when in
program order) data used in the later thread is produced in the earlier
tluead. The data may have been produced in the earlier tluead tluough a
memory or non-memory instruction. For exacnple, lhc later tlucad may be
dependent on the earlier tluead if a load instruction in the later thread
has the same address as a store instruction in the earlier thread. The
later tl~rcad may also be dependent on tl~c earlier thread if an
iNStruction in the later thread involves a register that was modified in
the earlier thread Likewise) a later instruction is dependent on an earlier
instruction when in program order the laser instruction uses data produced
by the earlier instruction. The word   Z Z ~'..P 1~ E~A~Z V1'O 99'31580
PCT/US98l26501 17 "dependency" is also used in the phrase "dependency
speculation." An example of a dependency speculation is speculating that
there is no dependency between a load instruction and an earlier store
instruction. Address matching is an example oC a technique for checkinb for
dependency speculation errors. An example of data speculation is
speculating that the data in a register is the correct data. Register
matching is an example of a technique for checking for data speculation
errors, B. Details Regarding Trace Buffers 1 14 



Referring to F1G. 8, tract buffers I 14 include trace buffers 1 14A, I 14B,
1 14C, ..., I 14Y, where Y presents tflc number of trace buffers. For
example, if Y = 4 (i.c., Y = D), tllerc arc 4 trace buffers. I f Y is less
than 3, trace buffers 1 14 does not include all the trace buffers shown irl
FIG. 8. Y may be the sarne as or different than X (the number of program
counters). Trace buffers 1 l4 may be a single memory divided info
individual trace buffers) or physically separate trace buffers) or some
combination of lhc two. Referring to FIG. 9, in one embodiment, thread
management logic 124 includes art array 198 that spccif ies the program
order (wi~ich is also the retirement order) oC lllread 1 Ds. In the
example, each trace buffer has a unique tluead ID or a one-to-one mapping
to a thread ID. Por example, trace buffer 1 14A is assigned tlucad ID l,
trace buffer 1 14B is assigned thread ID 2, ctc. 'hhe lluead IDs may be
hardwired or programmed. In one embodiment) cacll program counter is
associated with a particular thread ID and trace buffer. (Alternatively,
there is not such a restricted relationship.) PIG. 9 shows an example of
the retirement order of threads at tune tl and time l2. In the example,
there arc only four trace buffers and four lluead IDs. The associated
tluead numbers arc shown in parenthesis. Depending on the implementation,
tile thread number in parenthesis is not actually included in array I98. At
time tl) the program and retirement order is thread T1) T3) T2, and T4, as
in the example of P1G. G. Between time ll and time l2) it is determined
that thread T4 is not in the program order. Therefore) thread T4 is reset,
making room for ll>rcad TS (not shown in FIG. 5) in trace buffer 1 14D.
Thread TS is associated with thread ID 4. Thread TI retires, makin6   ~ T
~' "s~ Ev~2 WO 99!3180 PCTIUS98I26501 13 room for thread TG rn trace buffer
1 14r1. Thread TG is associated witft thread ID I . At trine t2, the
program and retirement order is thread T3, T2, T~, and TG. (If thread T1
rctrrcd before thread T4 was reset, then threads TS and TG would have had
different thread IDs, but program and retirement order would not be
changed). Depending; on the algorithm used, it may have been that thread T2
was initially before thread T3 in array 198, but tftc program and
retirement order would be corrected) as array 198 at time t 1. As
mentioned) tire program order of threads is the order the tlveads would be
executed on an in order processor. The program order of instructions is the
order the instructions would be executed on an in order processor. Thread
management logic 124 dots riot necessarily initially dctcnninc the true
program order for the threads. However, thread management logic 124 does
eventually dcterntincs tltc true program order. Referring to FIG. 7) trace
buffers 114A) 1141i, ...) 114Y receive instructions tluouglt conductors I
IBA, I I 8B, ... 1 18Y, which are corutected to conductors 1 18. There may
be demultiplexing circuitry between conductors 1 18A) 1 18B) ...) 1 18Y and
conductors I 18. Alternatively) enable signals may control which trace
buffer is activated. Still alternatively, there may be enough parallel
conductors to handle parallel transactions. Trace buffers 1 14A, I 14B,
..., 1 14Y supply instructions and related information for replay to
pipeline I08 through conductors 120A, 120B, ... 120Y) which are connected
to conductors 120. It is noted that multiple instructions from trace
buffers 1 14 may concurrently pass tl>sough conductors 120 and MUX 110 for
reexecution. At the same time) multiple instructions from decoder 10G may
also pass tltroug;lt MU7t 1 10 for the first time. A thread ID and
instruction ID (instr ID) accompany each instruction through llte pipeline.
A replay count may also accompany the instruction. In the case of load and
store instructions, a load buffer ID (LB1D) and a store buffer ID (SBID)
may also accompany the instruction. In one embodiment, the LBID and SBID
accompany every instruction, although the LBID and SBID values may be
meaningless in tltc case of instructions which are not loads or stores. As
described below) a PRID or value may also accompany an instruction being
re-executed.   ~ 2 ~'w ~~~~ WO 99/3180 PCT/US98I'_6~01 14 '1 race buffers 1
14r1, 1 14B, ..., I 14Y' recerve PRID, LBID, and SBID values from rename/al
locate unrl 1 ~0 throu~ll bypass conductors 12GA) 12GB, ... 12GY, which are
cor~ecled to conductors I2G. Trace buffers l 14A) 1 14B, ..., 1 14Y receive
writcback result inConnalion arid related signals through conductors 122A,
122B, ...) 122Y, which are connected to conductors 122) and tluougli
conductors 19GA) 19GB, ..., 19GY, wllicl~ are connected to conductors 19G.
Replay signals arc provided tluougl~ conductors 194\, 194B, ..., 194Y)
which are corulected to conductors 194. Multiplexing and/or enable
circuitry and/or' a substantial number of parallel conductors may be used
in conductors 120) 12G, 122) 194, and 19G. The tract buffers may be
identical or somewhat different. In FIG. 10, trace buffer I 14A illustrates
a Grst embodiment of a tract buffer. In FIG. l 1, trace buffer 1 14A'
illustrates a second embodirnent of a trace buffer. Other embodirei~ts oC
trace buffers could include variations of trace buffer 1 14A arid 1 14A' or
quite different arclritccture. 



1. Trace Buffer 1 14A ReCerrinl; to FIG. 10) trace buffer 1 14A includes an
instruction queue array 202A, a data and dcPcndency (DAD) array 20GA, an
input register File 208A, an output register Crle 210A) dependency
generation circuitry 212A) and control circuitry 224A. The term "array" is
intended in a broad sense to include inCorn~ation in multiple directions,
without restriction to particular form. a. Instruction Oueuc Arrav 202A
With reference to FIG. 12, the following describes the structure of an
instruction queue array 202A and its interaction with other components
according to one embodiment of the invention. Instruction queue array 202A
receives instructions fetched from 1-cache 104 that arc part of a
particular thread. The instructions within a thread arc fetched and written
into instruction queue array 202A in order. Instructions that arc pare of
another thread are written into an instruction queue of a different trace
buffer or by instruction queue an ay 202A al a different time. Instruction
queue array 202A includes various fields of information for each
instruction idenlifrcr (instr ID).   ~ 2 ~''~~ L~"~2 WO 99/31580
PCTIUS98/26501 1J Different embodiments could include somewhat different
fields arid a different numbers of ro~s. In the embodlrnent of instruction
queue array 202A, the program counter value is not considered, but could be
in other embodiments. Instruction queue array 202A arid a11 other
conlponents illustrated in the drawings may include various fields,
signals, and structure that is not illustrated. Such fields) signals, and
structure are not illustrated because they vary depending on tile
implementation, are understood by those skilled i11 the art, and would
greatly complicate this specification arid lend to obscure LlIC
lllVC1111011. Instructions wail ill trace buffer 1 i4n until they arc
finally retired or discarded (because) for example, it is determined that
the thread is riot part of an in order execution of tile program). If
instruction queue array 202A fills up while there are still instructions in
the trace that leave riot yet been executed, tile instructions arc not
received by trace buffer 1 14 or rcname/allocatc unit 150 until an
instruction is finally retired front instruction queue array 202A and a row
is deallocated. Lntries of the various arrays in system 100 relay be
allocated and deallocated by movement of head and tail pointers. of code:
Instruction queue array 202A is described ire corulection with tile
followins lines I0: mul R1, IL?-3 RII 1: mul R3) R4-~ R2I2: add Rl) R2-->
RII3 : add 10, R 1-~ R4I4: store R2--j MxI5: store R1-a Ivly, which arc
tile first six instructions within a thread. It will be apparent that a
trace buffer other than trace buffer 1 l4A is earlier in program order than
is trace buffer 1 14A. The "Op Code" field contains tile operation code
associated with tile particular instruction. "Dest," "Source l," and
"Source 2" 1-lclds identify the destination) source 1, arid source 2 of
tile instructions. The "Index for Source 1" field) identiFres instruction
r l! ~'9 



2 r :a ;~ Et. .~ w0 99!315S0 PCT/US98I36501 IG entries within the trace
buffer 1 14A that contain the source. For example, the destinatron of instr
ID 0 is used for source 1 for instr ID 2. Therefore, a 0 is placed in the
"Index for Source 1" field of instr ID 2. The destination of instr ID 2 is
used for source 2 for instr ID 3. Therefore, a 2 is placed in the "lndcx
for Source 2" field of instr ID 3. An X indicates a don't care. The "Valid
1" and "Valid 2" field are bits that arc set to a first value (c.g., a
logic 0) when a corresponding source operand of an instr 1D has been
previously produced by an instruction from outside the thread in trace
buffer I 14A) arid a second value (c.g., a logic 1 ) when the source
operand for an instr ID has been previously produced by an instruction
within tile tllrcad. Source 1 (1Z1) of instr ID 0 is produced outside the
trace in instruction queue array 202A. Accordingly) valid 1 of instr ID 0
is a logic 0. Source 2 for instr ID 3 is from tile destination of instr ID
2. Accordingly, valid 2 of instr ID 3 is a logic 1. Instruction I3 involves
adding R1 to a constant "l0." The constant may be stored with tile
instruction, in a special register (not shown)) in the source 1 field, or
tluougll some other mechanism. In FIG. 12, an X (don't care) is shown in
the Source 1 field for instr ID 3. Alternatively, Borne indicator could be
placed in tile Source 1 field. A store buffer ID (SBID) field holds art
SB1D associated with a store instruction in a store buffer, described
below. A load buffer (LBID) field hold art LBID entry associated with a
Toad instruction in a load buffer, described below. The SBID and LBID
values arc assigned by rename/allocate unit 1 SO and are written to the
instruction queue array through bypass conductors 12G. A tl>JCad ID number
Geld could be included 1I1 IIIStrUCt1011 queue array 202A, but it is not
needed because it is implicit. b. DAD Arrav 20GA and Dependency Generation
Circuitry 212A Referring to FIG. 13) one embodiment of DAD array 20GA
includes "instr ID" entries (rows) that correspond to tile instr ID entries
of Instruction Queue Array 202A in a one-lo-one fashion. indeed)
instruction queue array 202A and DAD array 20GA could be different portions
of tile same array. I-Iowcvcr, in some embodiments) there are different
read ports associated with instruction queue array 202A and DAD array   Z
~. r ,l y ~4 WO 99I3 t 580 206A. PCT/US98I26501 17 DAD array 20GA includes
a "Value or PRID" field that contains either the value produced by an
instruction or the PR1D in register Iile l5?. The value is written back
from the execution units to trace buffer 114A through write back unit l62
and write back buses 122 and 19G. A "Status" field, which may be two bits,
indicates whether the "Value or PRID" field contains a "Value" or a "PRID."
In one embodiment, it is possible that the "Value or PRID" does not hold
either a valid "Value" or a valid "PRID." A "Replay Count" field, which
uniquely identifies an instruction dispatch, is incremented each tune tltc
instruction of the same instr ID is replayed in pipeline 108. Under one
embodiment, it is possible that an instruction may be concurrently replayed
more than one time within pipeline I08. In this case, under one embodiment,
only the information associated with the highest "replay count" is written
back to DAD array 20GA. The "Dependency ricld" includes a bit for each
logical register. In FIG. 13) for simpl icily) only four logical registers
(R 1, R2) R3, and R4) are represented. However, the number could be far
larger. In the example, the dependency field entries are set to 1 to
indicate that a data dependency chain exists between an input value to the
trace and the instruction entry) acid a 0 if there is no dependency. The
dependency field entries identify which instructions in the trace would
need to be executed if an input value is received (such as when value
misspeculation is detected). As the instructions arc fetched, decoded, and
written into trace buffer I 14A, the 



dependency bits are computed sequentially) and are written into the DAD
array 206A. The dependency bits may be generated before it is detennined
whether to replay an instruction. The dependency bits in FIG. 13 are for
the six instructions 10 - i5, recited above in section B.l.a. The
dependency field can be created through a mechanical approach. Before
describing one such approach) the creation will be explained on a more
intuitive level. Intuitive Level The result of instruction 10 is dependent
on only registers RI and R2.   Z ~' ;~~i L~ '~ WO 99/31580 PCT/US98/ 26501
1S Therefore, a 1 is placed ~n the R1 and R2 columns and a 0 remarns in the
R3 and R4 columns of instr 1D 0 (which bolds information related to
instruction I0). The result of instruction I1 is dependent on only
registers R3 and R4. Tl~ereforc, a 0 is placed in the R1 and R2 columns and
a 1 in the R3 and R4 columns of instr ID 1. The result of instruction I2 is
directly dependent on registers R1 acid R2) produced in instructions 10 and
I l, respectively. In instruction (0) R1 is dependent on the R 1 and R2
values al the beginning of the trace. In instruction I2, R2 is dependent on
the R3 and R4 values at the bebinning of the trace. Therefore) instruction
I2 is indirectly dependent on the R1 - R4 values at the beginning of the
trace and a 1 is placed in the R1 - R4 columns of instr ID 2. The result of
instruction I3 is directly dependent on register R 1 produced in
instruction I2. There Core, instruction I3 indirectly depends on Rl - R4
values at the beginning of the trace because instruction I2 depends on
these values acid a 1 is placed in the R1- R4 columns of instr ID 3. Tl~e
result of instruction 14 is directly dependent on register R2, which is 



produced in instruction 11. R2 depends on rebisters R3 and R4 values at
tire beginning of the trace. Tfrerefore, a 0 is placed in the R1 and R2
columns and a 1 is placed in tile IZ3 arid R4 columns of instr ID 4. 'T'hc
result of instruction IS is directly dependent register R1) which is
produced in instruction I2) which depends on registers R 1 - R4 at the
beginning of the trace. Therefore, a 1 is placed in the R1 - R4 columns of
instr ID S. ii. A Mechanical Aooroach The following arc registers and an
algoritlurr that may be used to generate the dependency field according to
one embodiment of the invention. Referring to FIG. 14, dependency
generation circuitry 212A contains temporary registers 230, 232, 234, and
23G, one for each logical register) plus an additional temporary register
240 . Temporary registers 230, 232, 234, and 236 contain modifiers for
logical registers R 1,   l 2 ~', r'~ LPA,2 ~i WO 99!3I580 PCTIUS98~26501 19
R2, IZ i, and R4. ivlodified registers 240 contains a set of bits which
indicate which logical registers are to be modified by instructions within
a trace. Registers 230, 232) 234, 23G) and 240 are updated every time a new
instruction is written into the trace buffer.-The boundaries between
registers is somewhat arbitrary. For example, they may all be in one
combined register. For each logical register, a trace buffer address
register is provided) which points to the last instruction in trace buffer
1 14A to modify the logical register. The modified bits) acid the last
n~odificrs addresses arc used to compute the dependency bits for the next
instruction to be written into tract buffer 1 14A. Note that as used
Itercin, modifying a register merely means a value is written into the
register. It does not necessary mean that the consents of the register are
different as a result of the instruction. For example, if the contents of
R1 and R2 arc multiplied (as they arc in instruction 10) and the result is
written into register R1, the contents of Rl is not necessarily different
as a result of instruction 10. For example) the contents of RI after the
instruction would not be different if the contents of R1 is "0" or R2 is
"1" before the instruction. In FIG. 1 G, a flow chart 250 represents an
algorithm which is performed for each source operand of an instruction
(e.g., source I and source 2) to create tile dependency field of DAD array
20GA. In step 2S2 it is determined whether the associated bit is set in
register 240. As described in step 254, if the bit in register 240 is not
set, then the bit in the dependency field associated with the register is
set to a logical 1. As stated in step 258, if the bit in register 240 is
set) the source dependency field is read using the index created from the
modifier register (230, 232, 234, or 23G) for the relevant register. Next,
as stated in step 2G2) the source dependency bits are merged with the
current instruction dependency bits using a logical OR operation. Such a
logical OR operation is illustrated by OR-gate 244 in FIG. 15 (in which
multiple bits are represented at the inputs). In performing flit algoritlun
of FIG. 1G) the modified registers and modifiers referred to are those that
existed immediately before an instruction is performed. With respect to 10,
prior to instruction I0) register 240 has logical Os for R 1, R2)   



W O 99!31580 PCTIUS98l26501 20 R3, and R4, and the values of roisters 230,
23'', 23=1) and 23G are X (don't care). Under step 2~2, the modified bits
in register 240 for RI and R2 arc each 0. Therefore, under step 254, the
dependency Geld hits for R 1 and R2 are each set to 1 in row instr ID 0 of
DAD array 20GA. Registers R3 and R4 arc not involved and remain a 0 in the
row of ItlSt1' ID 0. Instruction IO modifies register R 1. Therefore, a 0
is placed in register 230) indicating that instruction 10 is the most
recent instruction to modify register R 1. Tl~c values in registers 232,
234, and 23G remain X (don't care). The R I bit of rcbister 240 is set to a
1 indicating that R1 has been modified by an instruction within the trace.
Tic dependency field for instruction I1 is generated in a similar manner to
that 1 2 ~'.,'~~~ E~~~2 of instruction 10. The R1 logical register column
of modified register 240 rccnains set to a 1. n logical l is placed in tl~c
R2 colunu~ of modified register 240. The 1 in register 232 represents
instruction I 1. With respect to instruction I2) prior to instruction I2,
under step 252) the modified bits in register 240 for RI and R2 are each a
logical 1 (i.e., set). Under step 25S) tl~c modiGcr registers Cor R1 (230)
and R2 (232)) immediately prior to instruction I2) arc used as an index.
Register 230 contains a 0 for instruction I0. The dependency field for
instruction 10 in instr ID 0 of DAD array 20GA is 001 1. Register 232
contains a 1 for instruction I 1. The dependency fteld for instruction I 1
in instr ID 1 is 1 I00. Under step 2G2, the logical OR of 00l 1 and 1 100
is 1 1 1 I. Therefore, 11 I 1 is placed in the dependency field of DAD
array 20GA far instr ID 2. Rl is modified by instruction 12. However) a 1
is already in register 240 for register R I . A 2 is placed in register
230) indicating that instruction I2 is the most recent instruction to
modify instruction R1. Tlre dependency field for instruction I3 is
generated in a similar manner to that of instruction I2. A logical l is
added to the R4 column of modified register 240 and a 3 representing
instruction I3 is placed in register 23G. The logical OR produces 1 1 1 1.
With respect to instruction 14) prior to instruction 14, under step 252,
the ' modified bit in register 240 for R2 is set to a 1. Under step 258,
the modifier register for IZ2 (232), immediately prior to instruction I4,
is used as an index. Register 232   !~'~,I ~i.~~ WO 99I31580 PCT/US98/26501
21 conta~iis a 1 for instruction 11. The dependency Geld for instruction I1
in instr ID 1 of DAD array 20GA is 1 l00. Under step 262, flit logical OR
of 1 l00 (source 1 from instr ID 1 ) and 0000 (there is no source 2) is 1
100. Therefore, 1 100 is placed in the dependency field of DAD array 20GA
for row instr ID 4. The dependency field of instruction IS is generated in
a manner similar to that of 



instruction I4. Instructions IS and I6 modify an external memory location
and do not cause a change in registers 230) 232, 234, 23G, or 240. The
dependency information may be used by scl~edule/issue unit 15G) or
sclredule/issuc unit 1 SG may merely derive its own dependency information.
Tl~er~e are different ways in which a sequence or string of instructions
can be issued out of trace buffer 1 14A in replay. One way is to
sequentially read the trace buffer and extract those instructions tfrat
have the dependency bits set and send them for replay. hlowever) zeros may
Dave the effect of creating bubbles in the pipeline. Aotl~cr approach is to
Dave bubbles removed by packing logic before sending instructions for
execution/rcplay. Referring to F1G. 17) another approach involves some
additional hardware including an an ay 2G8 for each logical register. Array
2G8 includes instr ID values of instructions that arc dependent on register
Rl. The values in array 2G8 act as pointers to the entire instr ID entries
in instruction queue array 202A. Tlris allows very fast reading from tire
instruction buffer. A block of instructions (Perhaps 2 or 4) arc read at a
time. Tract buffer 1 14A could be multi-ported and have four decoders and
pass each one of these indices that were obtained from the register array
into the decoders and instructions 10, 12, !3, and IS can be read in one
cycle. The register RI array could be assembled at the lime 111e dependency
field is created, before replay begins. The level oC indirection
facilitates hish bandwidth replay. c. Output Rcpister Filc 210A and Inert
Rceistcr Fife 208A Trace buffers 1 14 include detection circuitry to detect
certain speculation errors. According to one embodiment of tl~e invention,
each trace buffer has an output register file that holds the register
context of the associated thread and an input register file to receive the
register context of the immediately preceding thread in prol;ram order. The
2 2 ~'.,'~~ < ~~'O 99/31550 PCT/US9S!26501 22 regrster context is the
contents or state of the logical registers The contents of the output
resister f-rle chanjes is updated often, perhaps each tune there is a
change in a register. Tl~e contents of tl~e input register file is updated
only after a comparison, described below. FIGS. 18 and 19 illustrate
embodiments of an output register file 208A (in tract buffer 1 14A) gad an
input register file 208B (in trace buffer 1 14B)) although other
embodiments could be used Output register file 208A and input register file
21 OB include a Value or PR1D Crcld and a status field. The status 1-icld
indicates wi~ctl~cr a valid value or a valid 1'R1D is Meld in the Value or
PRID field. In one embodiment) there is either a valid value or a valid
PR1D. (n another embodiment, there could be neither) in w(riclr case an
instruction drat depends on an input register Pile could wait for one. Note
that instruction IO in tl~e example described above involved registers R1
and R2) neitf~er of wfricli were previously the destination of an
instruction within the thread brat includes instruction 10. f-iowever) the
value or PRID for registers RI and R2 would be available from input
register Frlc 208A to be used in execution of instruction 10. Referring to
FIG. 20, a comparator 280B compares the contorts of input register file
208B (iic trace buffer I 14B) Cor a current thread with ll~e contents of
output register T le 21 OA (in trace buffer 1 14A) for an immediately
preceding thread in program order. The comparison can be made at the end of
the execution of the immediately preceding thread or during the original
execution of the preceding tluead. The comparison is also made at the end
of the retirement of the preceding tluead. In one embodiment, the
comparison is only made at tlrc end of the retirement of tl~c preceding
thread. 



Various events could trigger a comparison by comparator 280B. The
comparison is made to detect speculation en-ors. If there is a difference
between the input and output register f ilcs) tl~cn values of one or more
of the output registers of the immediately prcccdinb tlrrcad had changed.
In response, input register tilt 208B is updated arid replay triggering
logic 284d causes the effected instructions to be replayed with the changed
register values. The dependency field may be used by replay   ~ 2 ~:'; ~~~
~`~"2 WO 99!3150 PCT/L1S98/36501 2J trrggcrinl; logic 284B. There is no
guarantee that the changed values arc the ultunalely correct values (i.e.,
the register values that would have been produced in a purely in order
processor). Tlte instructions may need to be replayed again, perhaps
several times. In one embodiment) tire detection circuitry for a thread
includes an output register file) an input register file, a comparator and
associated control circuitry to detect certain speculation errors in
instructions held in the trace buffer that includes the input register
file. In other enlbodin~etits) the detection circuitry could include
somewhat different circuitry. As an example, referring to PIG. 21) tlucad
T2 is a current thread and is associated with trace buffer I 14B. Thread TI
is the immediately preceding thread to tl~rcad T2 and is associated with
trace buffer l 14A. Tlucad T1 includes a function call) the function, and a
return from the function call. Execution of thread T2 begins immediately
after the function call. The contents of output register 210A as it existed
al the function call arc copied into input register file 208B. The
instructions of thread T2 are executed speculatively based on the register
context in input register file 208B. Al the time of the return instruction,
the contents of input register file 208B arc compared by comparator 280B
with the contents of output register file 210A. If there is a difference,
input register file 208B is updated and the effected instructions in thread
T2 are replayed. The comparison may also be made at one or more
intem~ediate times. This may help prevent bottlenecks by more evenly
distributing replay of instructions, but may cause additional replays if,
for example) the output register file contents chances more than once
during the function. In that the output register file is constantly
changing) it may be desirable to have an intermediate buffer that receives
the consents output register file 210A. The comparison then may be between
the contents of intermediate buffer and input register Iile 208B. As
illustrated in FIG. 8 and 10, register contexts arc passed between output
register files and input register files over conductors 216. Conductors 216
connect each input register f tle with the output register file of each
trace buffer that could hold the   L~~2 WO 99/315S0 PCT/US9SI26501 24 trace
for ll~e ~rnmediately preceding thread. If it can be guaranteed that
program order will always follow particular trace buffer order, then the
layout for conductors 2 I G could be fairly simple. TIIC output and input
register Gles may be controlled by control circuitry 224A ShowIl 111 FIGS.
10 and 1 I. Because output and input register files will provide either a
value or a PRID) there may be a very small latency between receiving
contents in an input register file and being able to execute instructions
using a register from the input register file as a source operand. 1 f a
value is not available, the PRID to register file 152 may be used for
execution in pipeline 108. 



I t is expected that many instructions wi I I be replayed several times as
correct source operands work their way tlrrouglr the register files of the
various threads. However, it is also expected that for many programs) a
great deal of instructions will recd to be replayed citilcr not at all or a
relatively small number of times, leading to a substantial increase in
instructions correctly executed per unit of time, and a decrease in the
total time required to run a program. 2. Trace Buffer 1 14' Referring to
F1G. I l, trace buffer l 14A' is similar to trace buffer 1 l4 (in FIG. 10).
However, in trace buffer 1 14A' the dependency field is generated in
dependency generation and decoding circuitry 218A after il has been decided
that an instruction is to be replayed. While this may cause some initial
latency in replay, if the issuance of instructions for replay and
determining of dependencies is performed in a pipelined fashion, there may
be little additional latency once the process has begun. In one embodiment,
dependency generation and decoding circuitry 218A holds only one field for
dependency information. (In FIG. 13, there are four fields.) That same
field could be reused. For example, during replay of instructions dependent
on register RI, the (field could be used to list instructions dependent on
register Rl. During replay of instructions dependent on register R2, the
same field could be used to list instructions dependent on register R2,
etc. Dependency generation and decoding circuitry 218A could include only
one modifier field and one modifier register. (In FIG.   z 2 ~~,~ll Lt`.2 W
O 99l3 t 580 P CT/U S 98~? 6501 2J 14, there arc four.) Alternatively,
dependency generation and decoding circuitry 218A could include multiple
dependency fields and registers. Dependency generation arid decoding
circuitry 21 SA may determine dependencies for only a few instructions at a
time. Data array 214A includes a Value or PRID field) a Status bit field,
and replay count field Cor each instr ID entry (as in DAD array 206A of
FIGS. 10 and 13). Alternatively, the contents of data array 214A could be
put in dependency generation arid decoding circuitry 218A making data array
214A unnecessary. There are two reasons why it stay be advantageous to keep
data array 214A and dependency generation and decoding circuitry 218A
separate. First, they may involve different read ports. Second, in one
embodiment, dependency generation arid decoding circuitry 218A does not
have as many rows as do instruction queue array 202A and data array 214A.
In other words, in one embodiment, dependency generation arid decoding
circuitry 218A reuses rows, just like it rttay reuse dependency fields.
There arc) of course, many possibilities. As will be described in greater
detail below) MOB 178 signals when load instructions are to be replayed
through conductors 194. An array having a dependency Geld (like that for R1
in FIG. 13) may be generated to list the instructions dependent on the load
instruction to be replayed. However, for a load instruction) the list oC
dependent instructions begins with the load instruction, rather than with
the first instruction in the trace as in the case of registers. The
dependency field for load instructions may be in dependency generation and
decoding circuitry 218A (in rlG. 1 1). (Of course, load instructions for
outer traces would be replayed front other tract buffers.) In one
embodiment) dependency generation and decoding circuitry 218A is used for
dependency fields for both load instructions and registers. The same field
can be used for bout. In another crnbodiment, the dependency fields for
registers is in DAD array 20GA and the dependency field for loads is in
dependency generation and decoding circuitry 218A. In still another
embodiment, the load instruction is replayed in full (i.c., al(   ~ 2 ~',';
~~ ~~~'2 'O 99/31 s80 PC'f/US98/26s01 



2G instructions following the load are re-executed) so that the dependency
field is not needed. C. A Replay Sequence Al orithm When replay triggering
logic (such as replay triggering logic 234B) deternunes that a source
operand (or other input value) has been mispredicted, it triggers the
corresponding trace buffer (such as trace buffer 1 14B) to dispatch those
instructions that are directly or indirectly dependent on the mispredicted
source operand to be replayed in pipeline 103. The instructions that arc
directly or indirectly dependent may be identified from the dependency
Cteld of the DAD array in the trace buffer or tltrough another array as in
FIG. 13. The identified instructions are dispatched from the trace buffer
for execution in the order the instructions exist in the trace buffer
(which is the program order). For example, tl~e instruction in iostr IDO
entry is dispatched at prior to or at the same time as an instruction in
the instr ID 1 entry. 1-lowever) tire instructions may be executed out of
order udder the control of schedule/issue unit 15G, as in any out-of-order
processor. Control bits arc appended to tire instruction dispatched from
tile trace buffer to indicate to rcname/allocatc unit I SO whether to ( 1 )
do register renaming, (2) bypass the rename alias table loof:up in
rename/allocate unit l50 and instead use the PR.ID from the corresponding
trace buffer, or (3) bypass renaming completely and use the value from the
DAD array as if it where a constant operand in the instruction. As
explained in connection with FIG. 8, the "Valid I" and "Valid 2" field are
bits that are set to a first value (e.g., a logic 0) when a corresponding
source operand of an instr ID has been produced by (e.g.) the destination
of) arr instruction from outside the thread in trace buffer 1 14A) and a
second value (e.g., a logic 1 ) when the source operand for an instr 1D has
been produced by an instruction within the thread. A replayed instruction
dispatched from trace buffer 1 14A may have its source operands determined
as follows: (I) Valid bit 1. if the valid bit in instruction queue array
202A is set to a logical 1, the source operand is used to read the
corresponding value or PRID in DAD array   1 2 ~'.~'~~~ L~~2 CVO 99/31580
r~c~r/us9s;~bso~ 27 20Gn. If neither tl~e value btt nor PRID bit of the DAD
array status field is valid, it means the source operand register has not
been renamed yet. In this case, the instruction is dispatched with the
value and PRID status bits having logical zero values tftrough conductor
120 and MU:e 1 10, allowing rename/allocatc unit 150 to perform alias table
lookup (register renaming) as it normally does. If the PRID or value is
valid) il is passed along with tl~e instruction through conductor 120 and
MUX 1 10 to rename/allocate unit l50) which in response thereto bypasses
the renaming stage. (2) Valid bit 0. If llte valid bit for a source operand
is set to a logical 0, the input operand comes from outside the trace. The
source register name is used to access input register file 208A. The value
or PRID from input register file 208A is passed along with the instruclio
to rename/allocate unit 150, which in response thereto bypasses the
renaming stage. Whetlicr the valid brt is 0 or 1) for each dispatched
instruction, the value and PR1D status field bits in DAD array 20GA arc
reset to or remain at a logical 0. This achieves two purposes. First, it
ensures that a later dependent instruction dispatched before tl~e PRID is
copied into the entry from the rename stage would be allowed to be renamed
from the rename alias table, avoiding the use of a stale PRID from trace
buffer 1 14n. Second) it also ensures that an instruction will not retire
until the last execution instance is written back) therefore allowing an
instruction to retire only when all data mispredictions have been
corrected. D. Second Level or Final Retirement 



An instruction is finally retired from trace buffer 1 l4 when all the
instructions for all previous threads lave retired and all replay events
that belong to tile instruction have been serviced. Stated another way, an
instruction is finally retired when it can be assured li~at the instruction
has been executed with the correct source operand. 'threads arc retired in
order. For example, an instruction in tiuead X cannot be retired until all
the previous tlueads have been retired (i.e.) the instructions of all the
previous threads have been retired). The instructions within a thread are
retired in order, although instructions that arc all ready for retirement
may be retired simultaneously.   ~~~,z z z ~:,., a ' w0 99!3180 PCT/1JS98;
36~01 28 Final retirement is controlled by final retirement logic 134. In
one embodiment of tltc invention, final retirement includes (1 )
COIllmltnlCnt of results to in order register file) (2) service interrupts,
exceptions, andlor branch mispredictions; (3) deal location of trace buffer
and MOB 178 resource entries; and (4) signaling the MOB to mark stores as
retired and to issue them to memory. Deallocating entries may involve
moving a head pointer. As described below, store instructions in MOB 178
are not deallocated until after it is certain that associated data is
copied to data cache 176 or other memory. Details regarding final
retirement oC loads and stores instructions in MOB 178 arc described below.
E. Mcmorv Systcm FIG. 22 illustrates that one ernbodimcnt of MOB I78 of
FIG. 2 includes MOBS 178A) 178B, ..., 1781', wltcrc Y represents the number
of MOBS arid matches the number of trace buffers 1 I4. MOBS 178A, 178B)
..., 178Y hold copies of load acid store instructions of the traces in
trace buffers 1 14A) 1 14B) ..., 1 14Y) respectively. Load instructions arc
held in load buffers 182A, 182B, ...) 182Y. Store instructions arc held in
store buffers 184A. 184B, ..., 184Y. Conductors 292 represent various
conductors that carry signals to and from MOB 178. Replay conductors 194
provide signals front MOB 178 to trace buffers 1 14 alerting trace buffers
l 14 that a load instruction should be replayed. Control circuitry 302
performs a variety of control functions. 1. Store Buffers and Load Buffers
FIG. 23 illustrates one embodiment of a store buffer 184A, which is
representative of store buffers 184B, ...) 184Y. Various outer embodiments
could be used. Store buffer 184A includes various fields for rows of store
buffer entries. Each entry is identified by a store buffer ID (SBID).
Rcname/allocate unit 150 allocates an SBID entry to each store instruction
when it is first fetched and executed, but clot on replay. 'I'hc store
instruction has the same SBID value until final retirement. For cxantple,
in FIG. 23) entry SBID 0 is allocated for instruction store 0. Entry SBID 1
is allocated for instruction store l, etc. An LBID field holding a "store
LBID" value   ~ 2 ~'..;  L=~2 WO 99/3180 PCT/US98/26501 29 described below,
is illustrated in FIG. 23. In one embodiment, when an entry of instruction
queue array 202A (in FIG. 12) holds a store instruction, the SBID field of
instruction queue array 202r1 holds the SBID that identifies lhc entry in
store buffer 184A. that holds the store instruction, and the LBID Field
holds the store LBID, if there is one, for' that the store instruction. The
SBID and store LBID accompany the stoic instruction tluough pipeline 10S.
In that embodiment) the LBID field might not be also included in stoic
buffer 1 S4A. An instr ID field holds the instruction ID of the stoic
instruction in instruction queue array 202A. The thread buffer ID is
implicit in both store buffer 184A and the trace buffer 1 14A. An oh code
field Folds the op code of the store instruction. A store address field
holds tl~e address to which tire store instruction is directed. In the
illustrated embodiment) tl~e address is generated by AGU 172. An SB address
valid field includes a bit indicating whetf~cr the store address is a valid
address. A data field holds tl~e data to be stored. A data valid field
includes a bit indicating whether the data is valid. Separate address and
data valid bits may be used because the valid address may arrive at a
different time than flit valid data. Bolls lt~e address and data arrive
before the store instruction is executed. Under one embodiment) the data is
included as pare of the instruction. A retired field includes a bit that is
set when final retirement logic 134 indicates the store instruction should
retire and is reset when confirmation is received from memory that the
store to memory leas been complete. Retirement of loads and stores is
discussed below. A replay count field includes a replay count number (and
is similar to the replay count field of DAD array 206A in FIG. 13). The
replay count field is not necessary. Under one embodiment, a store
instruction can be replayed only once at a time and there is no replay
count field. PIG. 24 illustrates one embodiment of a load buffer 182A,
which is 



representative of load buffers I 82B) ..., 1821'. Various other embodiments
could be used. Load buffer 1 S2A includes various fields for rows of load
buffer entries. Each entry is identified by a load buffer ID (LBID).
Rename/allocate unit 150 allocates an LBID entry to each load instruction
when it is first fetched and executed, but not on   ~ 2 ~~'~';~ 'c`'~2 WO
99/31580 PCT/US98/?fi~01 30 replay. Tlte load instruction Itas tile same
LBID value until final retirement.. for csamplc, in F1G. 24, entry LB1D 0
is allocated Cor instruction load 0. Entry LBID 1 is allocated for
instruction load 1, ctc. (The LBID entry nurnbcr and the SBID field may be
called a MOB ID). An SKID field holding a "toad SBID" value described
below, is illustrated in FIG. 24. lit one embodiment, when an entry of
instruction queue array 202A (in FIG. 12) Bolds a load instruction) the
LBID field of instruction queue array 202A bolds the LBID that identifies
the entry in load buffer 182A that holds the load instruction) and the SBID
field holds the load SBID) if there is one) for that the store instruction.
The LBID and load SBID accompany the load instruction through pipeline 108.
In that embodiment, the SBID field might not be also included in load
buffer 182A. An instr (D field holds the instruction ID of the load
instruction in instruction queue array 202A. The thread buffer ID is
implicit in both load buffer 182A and the trace buffer ! 14A. An op code
field holds the op code of the load instruction. A load address field holds
tltc address front which the load instruction loads. A entry valid field
includes a bit indicating the entry is occupied by a valid load
instruction. In the illustrated embodiment, an address valid field is not
included because the address has already been generated by ~1GU 172. A f RI
D f icld holds a PRI D from renamc/al locate unit 152 which indicates the
destination of load instructions in the register file 152. SB (-(it) SBID,
Thread ID) and replay count field (if there is one) may be considered part
of a status field and arc described below in connection with execution of
store instructions. At the time store and load instructions arc first
received by rename/allocale unit l50) entries for store and load
instructions arc allocated in store buffers 184 and load buffers 182, arid
entries Cor registers to receive loaded values are allocated in register
file 150 and ROB 1 G4. These entries arc not subject to a first level
retirement) but like entries in trace buffers 1 14, remain allocated until
a final retirement. Accordingly, entries arc not real located on replay. I
C a store or load buffer is ful I, a store or load instruction,
respectively, from I-cache l04 will not pass tluough rename/alloeate unit
150 until an entry is freed up. However, a load or store instruction that
is being re   ~ 2 ' ~'' 'c~''2 WO 99/31580 PCTNS98I26501 31 executed from a
trace buffer will pass through rename/al locate unit 1 ~0. 2. Comparisons
of Load and Store Addresses Referring to FIG. 5, in program order, store MX
in thread TI is executed before load MAC is executed in thread T2 .
1-Iowever, because of concurrent execution, in time order) store M,' may be
executed before or after load MX. If store MX is executed before load MX in
time order) then the speculative execution of load MX will be in the
correct order with respect to store MX. if all instructions before store MX
in program order have been retired, then it is certain that load MX will
load the correct value from memory location MX. The correct value is the
value that would have been loaded if the threads were run by an in order
processor. If not ali instructions before store MX in program order leave
been retired, then there is always a chance that tl~e data for store MX is
incorrect. By contrast, if store MX is executed after load MX in time
order) then the speculative execution of load MX will not be in the correct
order with respect to store MX and there is no certainty load MX will load
the correct value. It would only be by coincidence that the correct value
happened to be in memory location MX (or the data field of the store buffer
ci~tr~` folding store MX until store MX is finally retired). To ensure
ultimate correctness of execution, MOB l78 includes various mechanisms to
ensure memory data coherency between threads. a. Execution of Load
Instructions 



Before a load instruction is executed, its address is compared with the
addresses of store instructions to detern~ine which, if any) store
instruction is the closest earlier matching store instruction (CEMSI).
"Matching" means having the same address as the load instruction. "Earlier"
rncans the CEMSI is earlier in program order than the load instruction.
"Closest" means there is no other matching store instruction between the
CEMSI and the load instruction to be executed. If there is only one earlier
matching store instruction, it is the CEMSI. If there is a CEMSf) the load
instruction reads its data from the data field of the CEMSI. If there is no
CEMS1, the load instruction takes its data from memory) such as   ~ 2 ~'; ~
cL''2 `i'O 99I31580 PCT/US98126501 32 data cache 17G, an L2 cache, or main
memory. Data from a store buffer l84 or memory rs passed through v1U\ 192
and written to the entry in trace buffers 1 14 designated by the tluead ID
and instr ID. The data may also be written to the register in register file
l52 designated by the PR1D. The data may also be stored iii data cache 17G
depending on the caching rules (e.g., write back, write tltrough, etc.).
MUX 192 is a bypass because it can bypass memory) such as data cache 17G,
an L2 cache, or main memory. In one embodiment, a different comparator is
associated with each entry oC each of store buffers 184 to make comparisons
between the address of the load to be executed arid the address oC store
instructions. Comparator 320 in FIG. 25 is an example arid receives tlrc
load instruction address and the store address of entry SBID 1 in store
buffer 184A. Conductor 322 as well as output conductors Crom other
comparators arc connected to MOB control circuitry 302. The load SBID
points to the LBID of a closest earlier store instruction (CESI) with
respect to the load instruction to be executed. The CESI is in the stoic
buffer that has tltc same thread ID as the load instruction. if there is a
CEMSI, it is citlrcr the CES1 or earlier than the CES1 in pro6ram order.
Rename/allocate unit 150 keeps track of the order of store arid load
instructions in the program and provides the SL3ID and the LBID values.
They may be written through conductors 12G to trace buffers 1 14. Under one
embodiment, if there is no CESI with respect to a load instruction, then
there is no load SBID associated with that instruction. This happens when
the first memory instruction in a trace is a load. Various techniques may
be used to handle this situation including rename/allocate unit 150 sending
certain signals to indicate there is no valid load SBID. The array wrap
around bit, described below, may be used for this purpose. Consider store
and load instructions in the following program order: store 0 store 1 load
0 store 2 load 1 store 3 store 4 load 2.   ~r~ il L1.~ wo 99r~t~so
PcTms~s~zbso~ 33 The store LBID values in the LBID field are illustrated in
store buffer 182A. The load SBID values in tha SBID field arc illustrated
in load buffer 184A. For example, the 2 in the S):3ID field of LBID entry 1
indicates that the store instruction al entry SBID 2 in store buffer 184A
holds CI:SI with respect to the load instruction in LBID entry 1.
Instructions store 0, store 1, store 2) and load 0 are older or earlier
than load 1. Instructions store 3, store 4, and load 2 are younger or later
than load I . 



There are various ways in which control circuitry 302 may determine which
if any store instruction is the CCMSI. Examples of flit ways are discussed
in connection with FIG. 27, wherein store buffers 184A, 184B) 184C, and
184D are the only store buffers in MOB 178 arid are associated with threads
A, B, C, and D, respectively. Assume that tl~e program order is tlucad A,
then thread B, then thread C, then thread D. In the example, the load
instruction to be executed is in load buffer 182C. There is a CESI, which
is in store buffer 184C. Conductors 342) 344, 34G, and 348 arc the output
conductors of the various comparators. Conductors 3G2, 3G4) 3GG, and 3G8
provide control signals that enable the comparators to perfot m tire
comparisons. In different embodiments, control circuitry 302 enables ( 1 )
the comparators for a11 entries in each store buffer, (2) only those
comparators that are in a store buffer having a thread ID that is the same
as or earlier in program order than the load instruction's thread ID) or
(3) only those comparators associated with entries that arc earlier in
program order than the load instruction. Match determinins logic 35G
determines which) if ar~y) of the store instructions is the CEMSI. In FIG.
27, the store MX instruction in the upper portion of store buffer 184C is
tl~e CEMSI. 1 f that store MX instruction were not in store buffer 184C,
then the CEMSI would be the store MX instruction in store buffer 184B.
While comparators and match determining logic 35G are determining whether
there is a CEMS1, a lookup may be occurring in data cache l76 (and other
memory) to be ready if there is no CEMSI. Match determining logic 35G
includes data path control logic 390,   2 2 ~; ~~ L~'~2 WO 99l31580
PCT/US98126501 34 wl~tcl~ provides sicnal on conductor 370 to controls
whether MUX 192 passes data from memory or a store buffer. Under one
approach, there are two priority determinations made by MOB control
circuitry 302. One may be to determine the priority of store instructions
within store buffers. Another may be to determine the priority of the store
buffers. The determinations play be in citllcr order. A carry chain
structure may be used in the determination of the priority within tile
store buffer. For example, in one embodiment) for each store buffer otllcr
than the one having tile same thread ID as the load instruction, it is
determined which) if ally, matching store instruction is the youngest in
program order. For the store buffer having tire same thread ID as the load
instruction, it is determined which, if any, matching instruction is the
closest in program order to (includins equal to) the CESI. Then) it is
determined which of those store buffers that Dave a matching instruction
(lave a tllrcad ID that is closest in program order to tile thread ID of
tile load instruction. Store buffers 184 may be circular arrays each having
a head and a tail. Initially) store instructions with the greater SBID
value are younger. However, as store entries are dcallocated and allocated,
the tail will eventually wrap around so that the lead poitlts to a higher
SBID entry than does the tail. In one cmbodinlent, a wrap around bit is
toggled when the tail goes from the highest to the lowest SBID value, and
is provided to closest match detcrnlining logic 35G. b. Execution of Store
Instructions When a store instruction is executed, its address is compared
with the addresses of load instructions to determine which) if any) load
instructions that arc later in program order (from tire same or a younger
thread) have the same address as the store instruction. A closest later
load instruction (CLLI) pointed to by the store SBID designates the
earliest load instruction that may be considered. In one embodiment, a
different comparator is associated with each entry of each of load buffers
182 to make those comparisons. Orlc of the comparators is comparator 324,
illustrated in FIG. 2G. Merely as an example) comparator 324 is associated
with   2 T ~'~~;~ 'c~''2 CVO 99/31580 PCT/US98/26501 



35 the entry LB1 D 1 of toad buffer 1 S2A. Comparator 324 receives the
address of a store instruction at one input acid the address in the load
address field of entry LBID 1 in load buffer 182A at another input. A
signal on output conductor 32G signifies whether the addresses arc the
same. Conductor 32G as well as output conductors from other contparators
are connected to MOB control circuitry 302. Comparators (such as comparator
324) may also compare status bits of the store instruction with status bits
in tire load buffer as described below. FIG. 28 is similar to FIG. 27.
I-lowcver, in FIG. 28 load instruction addresses in load buffers 182A -
182D arc compared with the address of a store instruction to be executed)
and match determining logic 35G determines whether to replay load
instructions. In one embodiment, match determining logic includes replay
triggering logic 394 that provides signals on conductors l94 to indicate to
the trace buffers which load instructions arc to be replayed. In one
embodiment) match detetzrtining logic 35G considers matches of load
instructions with the store instruction beginning with the CLLI. Different
algoritltnts may be used. Thread management logic 124 indicates those
thread IDs that are later in program order than the thread (D of the store
instruction being executed. In one embodiment) all comparators arc enabled.
In another embodiment, only rite conductors in rite load buffers having
tluead IDs equal to or later in program order than the thread ID of the
load instruction are enabled. In still another embodiment, only the
conductors in the load buffers associated with the CLLI and later
instructions arc enabled. The threads to consider cats be determined
before, after, or during the determination as to which load instructions
within the load buffers conic later in program order titan the store
instruction. Udder one embodiment) detection circuitry to detect certain
speculation errors in execution of load instructions includes the
comparators associated with the load buffers) portions of match determining
logic 35G, and associated control circuitry. In other embodiments, the
detection circuitry could include somewhat different circuitry. It is not
required that the detection circuitry to detect speculation errors be in
the execution pipeline. Different match determining logic could be used in
connection with data path   ~~i ~i WO 99!315S0 36 control logrc and replay
triggering logic PCT/US98!'_6501 Cases in Which There is an Address Klatch
The status field (SB lril, SB1D, Thread ID) Replay Count (if used)) for
those younger instructions Cor wfrich there is an address match is
considered in determining whether to replay. The status field indicates
whether the load instruction got its data from memory (c.g.) data cacl~c l
76) or tlrc data field of a store buffer. The SB hit field Izas, for
example) a 0 if the data came from memory and a I if the data came from the
store buffer. The SBID and thread ID fields hold the SBID and tlu'ead ID of
the store instruction from which the data carne from. The llrread ID of the
store instruction is not necessarily the thread ID of the load instruction
for which there is an address match. The thread ID of the load instruction
is implicit in the load buffer. The replay count field (if used) indicates
wlriclr replay is involved. (If the SB Hit is 0, the data in tfrc SBID,
thread ID, and replay count fields is meaningless.) If SB Hit = 0 (previous
data from memory), a replay event is signaled from the load buffer over
conductors 194 to the trace buffer identified by the load instruction
tluead ID and that load instruction and all dependent instructions arc
replayed from the trace buffer. The instr ID and thread ID arc passed over
conductors 194 to indicate which instruction is replayed. if SB Hit = 1
(previous data from store buffer)) the values in the SBID field, ti>sead ID
field, and replay count field (if used) control whether a replay is
triggered. In a first case) tile tluead ID of the status field for the
particular load instruction equals the thread ID of the store instruction)
and the SBID in the status field of the particular load instruction matches
the SBID of the store instruction. In the first case, the load instruction
is replayed if the replay count of the load instruction is larger than the
replay count in the status field. 1 f there is not a replay count (because
a store instruction cars only be replayed once at a time)) then the load
instruction is replayed. in a second case) the thread ID in the status
field equals the thread ID of the store instruction) but the SBID in the
status field does not match the SBID of the store instruction. In the
second case, the load instruction is replayed if the SBID in the status 



WO 99131;80 PCTIUS98I2650 i 37 field is less then the SBID of the store
instruction, but not replayed if the SBID in the status f field is greater
then ll~e SBID of the store instruction. In a third cast, tire thread IDs
of the status field and store instruction d0 IIOt match. It is expected
that this is an infrequent case. For simplicity, under one embodiment) the
load instruction is replayed (even though it may be contrary to program
order). It may be a false replay. The load instruction when replayed will
receive rite correct store data. Other approaches could be used but they
may be far more complex that is justified for such an infrequent case. ii.
Cases in Which Thcrc is Not an Address Match If the addresses do riot
match, then no replay is triggered except in the following rnfrcqucnt case.
if SB hiit = 1, the thread ID of the status field matches the thread ID of
the store instruction) and the SBiD of the status Geld matches the SBID of
the store instruction. In this case, there is a replay and the replayed
load instruction receives its data Crotn a new entry or memory. c. Rcsct A
thread is reset when it is determined that the thread is not in the program
order. l~ow~ever, loads from other threads could have taken data from the
data field associated with store instructions iii that thread. Thread
management logic l24 sends a signal to control circuitry 302. In one
embodiment) when a thread is reset, the thread ID of tire reset thread is
compared with every load in every load buffer (except perhaps tire load
buffer corresponding to ihc reset tltread). A replay is triggered for load
instructions where the thread ID in the status field matches the tltrcad ID
of the reset thread. The load instructions are replayed from the
appropriate trace buffers. 3. Rcnlav of Store Instructions As described
above, load instructions are replayed in response to execution of ~rrr~l
~1~.~~ store instructions. In one embodiment, store instructions arc
replayed in response to register comparisons in the trace buffers that
indicate a register value has changed. For example) referring to FIGS. 12
and 13, instr IDs 4 and 5 in trace buffer 1 14A) which arc store
instructions, arc shown to be dependent on registers R1 - R4.   I WO
99l31580 



PCT/US98/26501 38 4. Replays of Multiple Load Instructions It is possible
that more than one load instruction in a load buffer will have status z z
~~,~~; a~z field cnatcl~ with a store instruction. In order to avoid
complicated logic, one approach is for control circuitry 302 to detect when
there arc multiple load address matches and cause all instructions after
the earliest load in the trace to be re-executed. 5. Final Retirement of
Load and Store Instructions When a load or store instruction is to be
finally retired, final retirement logic 134 provides signals to trace
buffers 114 arid MOB l84 indicating that an instruction is to be finally
retired. The entry in the trace buffer (identified by the instr ID and
thread ID) is deallocated. In the case of load instructions) the entry in
the load buffer (identified by the thread ID and LBID is deallocated. In
the case of load instructions, final retirement is complete. In the case of
store instructions, prior to dcallocation, the data in the data field must
be committed to memory. Dcallocation of the entry in the store buffer and
l~etice final retirement dots not occur until confirmation is received that
the store is complete. Alternatively, the entry may be finally retired
before confirmation) but reallocation of the entry cannot occur until
confirmation is received. Signals on conductors 200 can indicate to thread
management logic 124 when the final retirement of stores is complete and
the next thread can begin. SB Retired indicates that an instruction has
been retired. At the time Coral retirement logic 134 indicates that an
instruction should be retired) a bit in the SB Retired field is asserted.
Once the SB Retired field is asserted, the associated instruction is
written to memory in order. As soon as MOB 184A learns that the instruction
leas been written to memory, the SB Retired field is deasscrted and the
instruction is dcallocated. Load buffer 182A and store buffer 184A may be
queues with a head and a tail. The head is moved when an instruction is
deallocated. In load buffer 184A, and tract buffers 1 14, retirement and
deaflocation may occur simultaneously. Final retirement logic 134 provides
signal through conductors 13G and 140. Demux l88 selects wl~clher   2 2
E~~~ c~~2 1~0 99!3180 PCT/US98;26501 39 one of load buffers 1 S2 or store
buffers I S~ will receive a retirement signals. Demux 18S is optional and
could be replaced by enable ports in load buffers I 82 and store buffers
l84. F. Additional Information Rceardin~ Thread Management Logic and Final
Retircmenl Loi?ic 



In one cmbodimcnt, thread management logic 124 uses a fret structure to
keep track oC tllrcad order. Under lire fret structure) flit program order
(which is also the retirement order) flows froth top to bottom, and a node
o tfrc right is earlier in program order than a node on the left. A tool is
the first in program order. A tree is an abstract idea, whereas a tree
structure is circuitry that implements the tree. Tllrcads begin at flit
instruction following a backward branch or a function call. Tlrat is,
threads begin at the next instruction assuming the backward branch were not
taken or the function was not called (as illustrated by threads T2 in FIGS.
4 and S). In so doing, from tire perspective oCa thread (node), the program
order of children nodes of tire thread arc in tire revcrsc of the order in
which tlrc threads were started (created). For exatnple, in FIG. G, in time
order, execution of thread T2 begins before execution of tlUCad T3, but in
program order) thread T3 occurs before tlrrcad T2. In one cmbodimcnt) three
cvcnts may cause a thread to be rcmovcd from the tree: ( 1 ) A thread at
the root of tire tree is removed when the thread is retired. When the
thread at the root is rctircd, the thread (node) that is next in program
order bccomcs the root and nodes are reassigned accordingly. (2) A thread
that is last in program order is removed from lire tree to make room for a
thread higher in program order to be added to the free. In this respect)
the tree acts as a fast-in-first-out (LIFO) stack. (3) A thread may be
reset and thereby rcmovcd from the tree when it is discovered that the
program counter of its parent thread is outside a range between a start
count and an end count. In the case where a child ltrread is created at a
backward branch (e.g., thread T4 in PIGS. G and 29), the start count is
tire target of the backward branch and the end count is the program counter
value at the backward branch instruction. A thread started after a function
call can also be reset because there is no return from the function,   2 2
~'; i~ ~~'~2 'O 99.31580 PCTIUS98/2650 t 40 altliougli it is quite race for
tis to happen. One approaci~ for dcalin~ with the possibility of there
being no return from a function is to ignore the possibility and Ict the
system eventually rcnovc thread from the tree when it becomes the lowest in
program order, as in evens (2). When a tluead is removed from the tree) the
resources allocated for that thread (such as a trace buffer, store buffer,
and load buffer) are deallocated. Events ( 1 ) and (3) are illustrated in
FIG. 29) which includes the tlueads of the example of FIG. G) wish tltc
addition of tlucads TS and TG. Thread TS starts following a backward
brar~cl~ instruction at point J and tlucad TG starts following a Function
call at point K. It is assumed that tlrerc are only four trace buffers.
FIG. 30 illustrates the tree structure at time t 1. Thread T2 is added to
the tree before tlucad T3 is added to the tree. Thread T4 is added to the
node after llucad T3 is added to tlic tree. Threads T2 and T2 arc cltildrcn
of lfucad T1. Thread T4 is a child oCtlrrcad T3. Following tl~c rules of
top to bottom and right to left, the program and retirement orders arc
tlucad TI) T3, T4, and T2. FIG. 31 illustrates the tree structure at time
l2 assuming that tlucad T4 is reset before thread 'I' I retires. The
program and retirement orders are thread T 1, T3, T2, and TS. F1G. 32
illustrates the tree structure al time t2 assuming that thread T1 retires
before tlu~cad T4 is reset. The program and retirement orders are thread
T3, T4) T2, and TS. FIG. 33 illustrates the tree structure at tine t3,
which is after the time thread T 1 retires and thread T4 is reset. The
program and retirement orders arc T3) T2) TS and TG. Event (2) is
illustrated in FIG. 34) which includes nested functions. In time order, the
tiucads arc created (started) in the order Tl) T2, T3) T4) and TS. However,
the program order is T 1, TS, T4) T3, and T2. In the example) there arc
only four tract buffers. Therefore, not all five tlucads exist at the same
time. FIG. 3S illustrates the tree structure at line tl, which is before
tlucad TS has started. Program and retirement order arc T 1, T4, T3) and
T2. Thread TS is not yet part of the tree structure. FIG. 3G illustrates
the tree structure at time t2, which is after thread TS has started. Thread
T2, wlticli is lowest is program order) is removed from the tree structure
to make room for   z 2 M'; ~~ L~'',2 WO 99l31580 PCT/US98I26501 41 thread
T~. A thread that is removed from the tree may be restarted at a later
time. Alternatively, another thread may execute all or part of the
instructions of the thread removed from the tree. In one embodiment, in the
case of reset, a thread may seek to join thGnext following thread rather
than the reset tluead. Alternatively, the thread may just continue until
otherwise ended. The functions of array 198 may be perforn~cd in tl~e nodes
of tltc tree. 



The thread IDs of the children tlueads arc properly positioned according to
program order in the tree structure. (Although the program order as
determined by thread management logic 124 might change.) A thread is
finished when it joins or matches the program count of the next thread in
the tree in program order. If there is only one child of the thread, then
that is the next tl>read in program order. For example) in FIG. 33, thread
T2 is tire next thread in the tree in program order. Final retirement logic
134 gains information from the fret structure to assemble array 198 or
straight from the circuitry of the tree structure. There may be decoding
circuitry between the tree structure and other logic of tluead management
logic 124 and logic of final retirement logic l34. Array 198 may not be
required. In summary, the tree structure provides infom~atioti for at least
the following purposes: ( 1 ) the tree speci f ies retirement order; (2)
the tree speci f tes program order) which is used by) for example) MOB 178
as described above; (3) the tree specifies an end point of a thread by
indicating the starling instruction of another thread; (4) the tree is used
in thread resource allocation by indicating which resources are available
arid which resources get dcallocated. G. An Embodiment Without
Multithreading F1G. 3 illustrates a processor 100 including a pipeline 308.
Processor l00 is similar to processor 50. However) a trace buffer 300 is
the only trace buffer and a M013 310 is the only MOL3. Processor 50 is not
designed to process multiple threads. Therefore) thread management logic is
not required for processor 100. Trace buffer 300 may be similar to trace
buffer 1 14A) for example, except that multithread specific cornponcnts arc
not required. For example) conductors 21 G and output register file 210   2
2 ~'; ~~ E~''Z W'O 99I31580 PCT/US98/26501 42 would not be needed. Varrous
circuitn' may be used to detect speculation errors, including well known
circuitry. MOB 310 may be similar to MOB 178A, for example, except that
multithread specific features are not required. For example, a tlucad ID
field would riot be needed in the load buffer. Other components of
processor l00 may be modif-ted somewhat with respect to their configuration
in processor 50 to remove multithreading related features. Trace buffer 300
arid MOB 310 may be used in connection with various speculations and
recovery from errors therein. The trace buffer allows a large number of
instructions to be held outside the pipeline for possible replay before
final retirement. Processor 50 could be used in connection with a
non-multithread program. In that case, tluead management lo6ic 124 could
always keep the same thread ID in program order. Alternatively, tlucad
management logic l24 could be disabled. In the non-multithread case, only
one of trace buffers 1 14 and only one of the MOBS I78 are used.
Alternatively, trace buffers could be combined to make a larger trace
buffer arid MOI3s could be combined to make a larger MOB. I-i. Additional
Infonnation and Embodiments Referring to FIG. 37) a processor 400 is a
multi-processor (MP) chip including multi-pipeline unit 402. Multi-pipeline
unit 400 differs from shared resource pipeline 108 of FIG. 2 in that an
entire pipeline (e.g., separate rename/allocate unit for tact pipeline) is
included with each of pipelines 0, 1, ... W of multi-pipeline unit 402. (W
may equal to or more or less than X.) Otherwise, processor 400 may be
essential the same as or very different than processor 50. Other processors
may include some features of multi-pipeline unit 402 and some features of
pipeline 108. Each oC the processors mentioned herein) may be included in a
part of a variety of computer systcnls. Referring to FIG. 38, merely as an
example, processor 50 may be part of a computer system 430. System 430 may
also include a second processor 434. An on-clip second level (L2) cache may
be including within processor 50. Processor 50 may communicate with a
memory controller 440 through a processor bus 442. Memory controller 440
may communicate with main memory 44G and peripherals 448  



.2 2 2 P~~,~~ c~^ w0 99/31 Q80 PCT/US98'25501 43 through buses 4S2 and 4~4
(which may be a PCI bus). A pipeline similar to pipeline l OS or 308 (in
PIGS. 2 and 3) could be used in a processor that does not use ~ egistcr
renaming. In such a cast, the cornponcnts that arc involved in register
renaming (e.g., rename/allocate unit 1 SO) could be modified to rcmovc
renaming related features. The circuits and details that are described and
illustrated are only exemplary. Various other circuits and dclails could be
used in their place. Further, there may be various dCS1g11 tradeoffs in
size) latency, etc. For exarnplc) the maximum operating clock frequency may
have to be reduced if buffers in the excculion path (c.g., in the
rcscrvation station) register file, ROB) are too large. The components
illustrated hcrcin may be designed and constructed accordingly to various
techniques. There may be intermediate structure (such as a buffer) or
signals between two illustrated structures. Sonic conductors may not be
continuous as illustrated, but rather be broken up by intcrmediatc
structure. The borders of the boxes in the figures arc for illustrative
purposes. An actual device would not have to include components with such
defined boundaries. The relative size of the illustrated components is not
to suggest actual relative sizes. Arrows shown certain data flow in certain
embodiments) but not every signal, such as data requests. Where a logical
high signal is described above) il could be replaced by a logical low
signal and vice versa. The components illustrated in a processor may a11 be
on the same processor chip. Alternatively, for example, the trace buffers
could be on a different chip than the execution pipeline. The terms
"connected," "coupled," and related terms are not limited to a direct
connection or a direct coupling, but may include indirect connection or
indirect coupling. The term "rcsponsivc" and rclatcd terms mean that one
signal or event is influenced to some extent by another signal or event)
but not necessarily completely or directly. if the specification states a
component "may", "could", or is "preferTCd" to be included) that particular
component is not required to be included. A MOB could use data matching
rattier than address matching to detect   ~'~~ i i W O 99131 s80 44
misspcculation. PCT/US98/? 6501 Those skilled in tire art fraying the
benefit of th(s disclosure will appreciate that many otf(cr variations from
the foregoing description and drawrngs may be made within tile scope of the
present invention. Accordingly, it is the following claill~s including any
amendments thereto that define the scope of the invention.   



2 2 I~,~;~ ~C''2 -45 What is claimed is: 1. A processor comprising: an
execution pipeline to concurrently execute at least portions of threads;
detection circuitry to detect speculation errors involving thread
dependencies in the execution of the threads caused by misspeculated
instructions; trace buffers outside the execution pipeline to hold
instructions of the threads including the misspeculated instructions; and
triggering logic to identify at least some of the instructions, if any, as
being dependent on at least one of the misspeculated instructions and to
trigger re-execution of the misspeculated instructions and at least some of
the identified dependent instructions, if any. 2. The processor of claim l,
wherein the triggering logic triggers replay of the misspeculated
instructions. 3. The processor of claim l, wherein at least part of the
detection circuitry is included within the trace buffers. 4. The processor
of claim 1, wherein each of the trace buffers includes an instruction queue
to hold at least some of the instructions of one of the threads and wherein
the re-executed dependent instructions for a particular one of the
misspeculated instructions may be in more than one of the trace buffers. 5.
The processor of claim 4, further comprising final retirement logic to
control final retirement of the instructions in the trace buffers and
wherein some of the instructions may be initially retired following
execution in the execution pipeline. 6. The processor of claim 1, further
comprising a decoder and wherein the execution pipeline and the trace
buffers receive instructions from the decoder concurrently.   



2 2 I~' ~~ (~''2 -46 7. The processor of claim 1, wherein the detection
circuitry includes: register content comparing circuitry; and address
comparing circuitry. 8. The processor of claim 1, further comprising thread
management logic and program counters to create the threads under the
control of the thread management logic. 9. The processor of claim 8,
further comprising final retirement logic to finally retire the threads
according to a retirement order developed by the thread management logic.
10. The processor of claim 1, wherein the speculation errors involving
thread dependencies include dependency speculation errors and data
speculation errors. 11. The processor of claim 1, further comprising a
decoder and a cache, and wherein the cache and the execution pipeline
receive instructions from the decoder concurrently. 12. The processor of
claim 1, further comprising thread management logic to control creation of
the threads, the thread management logic including a structure to specify a
program order of the threads and wherein the thread management logic
controls creation of the threads out of program order and without regard to
thread dependencies. 13. The processor of claim 12, wherein the structure
is a tree structure. 14. The processor of claim 12, wherein the thread
management logic controls dynamic creation of the threads. 15. The
processor of claim 1, further comprising thread management logic to control
creation of the threads, the thread management logic including a structure
to specify an end point of one of the threads by indicating a starting
instruction of another one of the threads.   ~ 2 P~,;~~ E~''2 -47 



16. The processor of claim 1, further comprising thread management logic to
control creation of the threads, the thread management logic including a
structure to keep track of the threads and to remove a representation of
one of the threads from the structure to make room for a representation of
a thread higher in program order to join the structure. 17. The processor
of claim 1, further comprising thread management logic to control creation
of the threads, the thread management logic including a structure to keep
track of the threads and to remove a representation of one of the threads
from the tree structure when a program counter of its parent thread is
outside a range between a start count and an end count. 18. The processor
of claim 1, further comprising thread management logic to control creation
of the threads, the thread management logic including a structure to
indicate resources including one of the trace buffers that is available and
resources including one of the trace buffers that is to be deallocated. 19.
The processor of claim 1, further comprising thread management logic to
control creation of threads and wherein following retirement of a thread,
the thread management logic allocates resources including one of the trace
buffers used for the retired thread to a thread youngest in program order.
20. The processor of claim 19, further comprising thread management logic
to control creation of threads and wherein the thread management logic
controls creation of at least one of the threads based on instructions that
expressly demarcate the beginning and ending of the thread. 21. The
processor of claim 1, wherein the trace buffers hold results of at least
some of the instructions. 22. The processor of claim 1, wherein the
processor is in a computer system.   ~ii~l -48 23. The processor of claim
22, wherein the computer system is a mufti-processor computer system. 24. A
processor comprising: thread management logic; program counters to create
threads under the control of the thread management logic, wherein the
threads are created out of program order without regard to thread
dependencies; an execution pipeline to concurrently execute at least
portions of the threads; detection circuitry to detect a speculation error
involving a thread dependency in the execution of the threads caused by a
misspeculated instruction; trace buffers outside the execution pipeline to
hold instructions of the threads including 



the misspeculated instruction and results of at least some of the
instructions; and triggering logic to identify at least some of the
instructions, if any, as being dependent on the misspeculated instruction
and to trigger re-execution of the misspeculated instruction and at least
some of the identified dependent instructions, if any. 25. The processor of
claim 24, wherein the threads are created from instructions of a program
originating from off a chip on which the execution pipeline is included.
26. The processor of claim 24, wherein the triggering logic is replay
triggering logic coupled to the detection circuitry to trigger replay of
the misspeculated instruction. 27. The processor of claim 24, further
comprising final retirement logic to control final retirement of at least
some of the instructions within the trace buffers and wherein some of the
instructions may be initially retired following execution in the execution
pipeline. 28. The processor of claim 24, wherein the thread management
logic controls dynamic creation of the threads.   ~2~'~~ -49 29. A
processor comprising: an execution pipeline to concurrently execute at
least portions of threads; detection circuitry to detect speculation errors
involving thread dependencies in the execution of the threads caused by
misspeculated instructions; trace buffers outside the execution pipeline to
hold instructions of the threads including the misspeculated instructions
and results of at least some of the instructions; and triggering logic to
identify at least some of the instructions, if any, as being dependent on
at least one of the misspeculated instructions and to trigger re-execution
of the misspeculated instructions and at least some of the identified
dependent instructions, if any. .A.A.A.A 0.A
.A.A.A.AfS.A@.A@.A.A,y.A!.Ay.Af.A,5.Au.A@.Ay.A5.AS.A@.A@.AS5.A.A.A..A,H.A,.
A,!.Ay.A.Af.A.AS.A.A.A.A,.A,5.A@.A@H.A@3.An.A!.A.A35 
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