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oper at i oROFf2Y brdceite SpPojeer HFPPWWB%W%MWWNW&%EMM
(and recetdemdeacndl(éidé;ﬁﬂicno?ﬁdﬁﬁﬁr&:)ousihﬂuﬂ@ﬂ:sﬁfch&nb&cﬁtOFe is described in
nore detail b not t t.he, stqre is used in this
exanpl e, any i wﬁ%d%nfhﬁﬂégiﬁte‘}\'ﬂn%%m ﬁﬁ@'&é“ﬁﬁe&"’ ihis stage,
exanpl e, thPH@Psbm bnamcmmfmfmﬁonﬂywmough@eaﬁpﬁm aquanie Ierstnbgtduiaﬂtom

St Or 80 qUgsRridky mm Soulthe tormélafpﬁm% 5&6 ag,og;ﬁ%@a%

are contenpl ated. 35 As note above store queue bl"e " of

f or viar di Figf ths puierecpdeRGM pyee e'gmelf clack) cyeles- #ewwy '&peme todn Wmntmtﬂgcheduktaﬁ.éw
nenor y opersahayalw ideptrdEily Qiaigh dﬁGemaEﬁ&g stopadT Rl Bfferdiid hihied! SGAMHIGSa Qiméuhﬁkbﬁad

menory operand be Vi tores in store queue 70.
However, s ore qu M?B“?ﬁ'“pﬁ?ﬁ u?%@sﬁtfﬁggﬁ%&g%ﬁél?‘ﬁ@sé'mr'@? ﬁ?‘cﬂﬂ’i"ﬁﬁh’ch
byt es of R@P paleendcot lave be@aeblmdrfmyxeam-.amdescrw;d B vé) 0 rasedrdinyly, a particul ROPInay i f

stor Smété £ | to t stor.e ory
op ergsf i ons, hi t%'?llr’] 9@% g&{)r dgl;re storeqTZ “Lefﬂan I

PCT/ USo o%m@smaﬂﬁmag/ schesiulepstage ths partieulag ROP ematebyttbssebéuot: bogic pethinischaduder 36,0ad
menory oaw@edf&ee&masnéﬁmﬁdmme&iﬂélmf twpeag

| oad rrerrqoprﬁ% él%)%?nimd Add| t] ong1LI sone enboalfuﬁgarﬁt m% og%e@?mﬁ%&éég%%i A
recei ve upgn; the type of RGB)IR (i Fegisterfile sadsrage. dat a.
If the store mtpaum ROP mmmmpmﬁaamqm@oi&glesecmbbxe4mmf4onvm ghet he
store data even though a hit may be detected. 5 It is noted that

I nstruction operations ate referred to berein as being "ol der" or "younger"
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Any ot her infqLmation rr,a% be recorded. Furthernore, enbodiments in which no
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AVENDED 1GititBiioEked(i) signal is deasserted, ROP control circuit(i) 86A changes the execution state to not executed and
reasserts the Block(i) signal (which may subsequently cause other Not_Blocked signals to deassert, further
undoing the dependency chain).

Physical address buffer 90 provides an additional signal to ROP control circuit(i) 86A to indicate if an

gddrcss provided by external interface unit 46 hits the load's physical address in physical address buffer 90,

35 shownin Fig. 7 as fill_hit(i). Physical address buffer 90 asserts the fill_hit(i) signal to indieatc that the address
provided by external interface unit 46 hits the physical address in physical address buffer 90 assigned to entry(i).
External interface unit 46 also provides fill/probe signals to indicate the type of address being provided. If the
fill/probe signals indicate fill, than the assertion of the fill_hit(i) is an indication that the fill data for the cache line
including the physical address of the load memory operation is being provided. If the load memory operation is
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conpri si Mile the transition from invalid state 110 to blocked state 112 or request state 114 may be based on the

Not Blocked(l) signal in the present embodiment, the transition from blocked state 112 to request state 114
30  considers the effects of retry situations which specify that a subsequent event is to occur before the instruction
operation is eligible for rescheduling. Box 134 in Fig. 8 includes an cquation for the blocked transition term used
on the arrows in Fig. 8 for the embodiment described above, More particularly, an instruction operation is
blocked if the Not_Blocked(i) signal is deasserted, or a previous issuance resulted in a determination that the
instruction operation is to be executed non-speculatively (blocked_non_spec) and is still speculative, or a
35  previous issuance resulted in a cache miss (blocked_until fill) and the fill data has not yet been provided. Other
embodiments may include additional events which block rescheduling, as desired. Once the instruction operation

is no longer blocked, the state machine transitions from blocked state 112 to request state 114.
While the state machine is in request state 114, ROP control circuit(i) 86A asserts the request(i) signal,
If the instruction operation becomes blocked again while in request state 114, the state machine transitions to
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Blocked_non_spec indication 144 may be set to indicate blocked in response to receiving the retry signal
from load/store unit 42 during execution of the instruction operation if the retry type indicates that the instruction
operation is to be executed non-speculatively. The Blocked_non_spec indication 144 may be used in the blocked

25  equation shown in box 134 in Fig. 8. More particularly, while the Blocked_non_spec indication 144 indicates
~ blocked, the instruction operation is inhibited from requesting scheduling until the instruction operation becomes
. mon-speculative. In response to the instruction operation becoming non-speculative, the Blocked_non_spec
indjcation may be set to indicate not blocked and the instruction operation may be scheduled. In one particular
- embodiment, the instruction operation becomes nonspeculative if each older instruction operation within

30  scheduler 36 has an execution state of done.

Blocked_until fill indication 146 may be sct to indicate blocked in response to receiving the retry signal
from load/store unit 42 during execution of the instruction operation if the retry type indicates that the instruction
operation misses D-cache 44. The Blocked_until fill indication 146 may be used in the blocked equation shown
in box 134 in Fig. 8. More particularly, while the Blocked_until fill indication 146 indicates blocked, the

35  instruction operation is inhibited from requesting scheduling until the corresponding fill data is to be provided. In
response to the fill data being indicated as being provided, the Blocked _until_fill indication may be set to indicate
not blocked and the instruction operation may be scheduled.

Other information may be recorded in other information field 148 as desired. For example, certain
embodiments may inhibit retiring a store operation until an SMC check is performed. Other information field 148
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) TO%& yaaugn l? ton I 23. Instruction operation I3 is dependent on 12 and has an R# of
* 10%9& 63.- budstiohQérafion 19 idfia e W@d‘p&d@&?%@n‘ indihEd by 10, Balfnce is dependent on I0.
. Instruction operation I4 has an R# of 45. 11 and 14 are directly dependent on 10, while 12 and I3 are indirectly
15 dependent on I0. The Block and Not_Blocked signals for cach instruction operation are illustrated in Fig. 10
(with the R# of the instruction operation provided in parentheses). Certain events which cause other events are
illustrated by arrows from the event to the resulting event. For example, the deassertion of Not_Blocked(10)
.causes State(10) to changed to blocked, illustrated by an arrow from the deassertion of Not_Blocked(10) to the

blocked state of State(10).
20 . During clock cycle clk0, each of the instruction operations is in the done state. Accordingly, the
. corresponding Block signals are deasserted and the Not_Blocked signals are asserted. During clock cycle clk1,
- the Not_Blocked(10) signal is deasserted (due to one or more instruction operations on which I0 depends
becoming undone). In response to the deassertion of Not_Blocked(10), the state machine for 10 (State(10))
_ returns to the blocked state, and thus the Block(10) signal is reasserted in clock cycle clk2. In response to the
25  assertion - of Block(10) and the recorded dependency of I1 and I4 on I0, the Not_Blocked(15) and
Not_Blocked(45) signals deassert (clock cycle clk2). The deassertion of the Not_Blocked(15) and
Not_Blocked(45) signals, in turn, leads to the undoing of I1 and I4 (State(15) and State(45) change to the blocked
state in clock cycle clk3). Subsequently, 12 and I3 are undone due to their direct dependencies on I1 and 12,
, respectively, and thus by their indirect dependencies on I0. By the end of clock cycle clkS, the dependency
30 . chains in the illustrated example have been undone and the execution states corresponding to each instruction

operation (10 through I4) are in a not executed state. Subsequently, the instruction operations may receive

satisfaction of their dependencies and may reissue, in turn, as the instruction operations within the dependency
chains reissue and satisfy the dependencies of other instruction operations within the dependency chains.

It is noted that, while the Block and Not_Blocked signals are shown in Fig. 10 (and Figs. 11, 12, and 15

35 below) as being asserted or deasserted during a particular clock cycle, the Block signals may be inactive during a

first portion of the clock cycle to allow the Not_Blocked signals to be precharged, and then the Block signals may

pulse during the second portion of the clock cycle (and Not_Blocked signals may be discharged or remain

precharged, according to the recorded dependencies). Furthermore, the timing diagrams of Figs. 10, 11, 12, and

15 illustrate the transition of the Not_Blocked signals based on the transition of the Block signals illustrated.
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instruction operations in a dependency chain, the reissuance occurring due to a retry of the first instruction
operation in the dependency chain. Clock cycles are delimited by vertical dashed lines, with an identifier for each
10 clock cycle at the top between the vertical dashed lines delimiting that clock cycle. A box 152 illustrates the
cxemplary dependency chain, which is instruction operations 10 through I2 from the example of Fig. 10. The
Block and Not_Blocked signals for each instruction operation are illustrated, as well as the states of each
instruction operation (as recorded by ROP control circuit 86), similar to the example of Fig. 10. The states
illustrated in Fig. 11 include the blocked and done states, represented by "blkd" and "done" in Fig. 11 similar to
.15 Fig. 10. Also, request state 114, Exec2 state 128, and Exec1 state 130 are illustrated as "rqst", "ex2", and "ex1",
respectively. Again similar to Fig. 10, certain events which cause other events.are illustrated by arrows from the
. causing event to the resulting event. In this example, instruction operations I0 and I1 are both of latency 2.
| _ Clock cycle clkO illustrates cach of the instruction operations 10-12 in a blocked state, awaiting
_ dependency satisfaction before becoming eligible for issue. Each of the Not_Blocked signals is deasserted, and
20  each of the Block signals is asserted. During clock cycle clk1, Not ._Blocked(10) asserts. Responsive to the
. assertion of Not_Blocked(10), statc( 10) changes to the request state during clock cycle clk2. 10 is pxcked for
issue and thus State(10) transitions to the Exec2 state in clock cycle clk3. State(10) transitions to the Execl
states in clock cycle clk4.
_ Responsive to the Exec2 state of state(10), Block(10) is deasserted (which in turn results in
25 Not_Blocked(15) being asserted) during clock cycle clk4. State( 15) transitions to the request state in clock cycle
clk4 in response to the assertion of Not_Blocked(15), and to the Exec2 state in clock cycle cIkS in response to
being picked. '
During the Execl state of state(10) (clock cycle clk4), ROP control circuit 86 detects a retry of I0
(illustrated in Fig. 10 via the retry(R#10) signal). The retry causes an undoing of 10, and thus State(10) transitions
30 toanot exccuted state in clock cycle clk5. More particularly, since the Not_Blocked(10) signal is asserted during
clock cycle clkd4, State(10) transitions to the request state. Responsive to State(10) returning to a not executed
state, the Block(10) signal is reasserted (and hence the Not_Blocked(15) is deasserted. The deassertion of
Not_Blocked(15) results in the return of State(15) to a not executed state (clock cycle clk6).
The retry of 10 in this example is of a retry type which allows immediate reissuance of I0. Accordingly,
35 State(10) is in the request state in clock cycle cIkS. 10 is picked for execution, and thus State(10) transitions to the
Exec2, Execl, and done states in clock cycles clk6, clk7, and clk8, respectively. During the reexecution of 10, a
retry does not occur. It is noted, however, that retries may occur multiple times before a particular instruction

operation successfully completes.
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10% J& ()-! $o/qRyng now, t§ ’("81. YA @%iming diagram illustrating a retry of an instruction operation with a retry
reason which requires a subsequent event to occur before rescheduling of the instruction operation is performed.
More particularly, Fig. 12 illustrates a retry of an instruction operation which is to exécute non-speculatively,
Clock cycles are delimited by vertical dashed lines, with an identifier for each clock cycle at the top between the
vertical dashed lines delimiting that clock cycle. A box 152 illustrates the exemplary dependency chain, which
15 are the same instruction operations 10 through I2 and dependencies from the example of Fig. 11. The Block and
Not_Blocked signals for each instruction operation are illustrated, as well as the states of each instruction
operation (as recorded by ROP control circuit 86), similar to the example of Fig. 11. The states illustrated in Fig.
12 are represented in a manner similar to Fig. 11. Again similar to Fig. 11, certain events which cause other
. events are jllustrated by arrows from the event to the resulting event. In this example, instruction operation I0 is
20 . oflatency 2,
- Clock cycles clkO through cIk6 are similar to the corresponding clock cycles clk0 through clké6 of Fig.
11, with the exception that the retry of I0 in clock cycle clk4 is indicated as a retry because I0 is to be executed
non-speculatively. Thus, 10 was issued speculatively and its non-speculative nature was discovered after
.. issuance. Scheduler 36 resolves this situation by undoing I0 (and its dependent instruction operations I1 and 12)
25 and waiting for I0 to become non-speculative before allowing reissue. More particularly, in response to the retry
type being "wait for non-speculative”, ROP control circuit 86 may set the Blocked _non_spec indication
corresponding to I0. Thus, ROP control circuit 86 is inhibited from requesting scheduling of I0 until 10 becomes
non-speculative even though the Not_Blocked(10) signal is asserted. Some number of clock cycles may elapse,
and then ROP control circuit 86 may determine that 10 is non-speculative (e.g. clock cycle clkn in Fig. 12,
30  illustrated by the assertion of the non-spec(R#10) signal in Fig. 12). As mentioned above, an instruction
' operation may be non-speculative when each prior instruction operation (in program order) within scheduler 36 is
in the done state, according to one embodiment.
In response to I0 becoming non-speculative, State(10) transitions to the request state (clock cycle
clknt1). Subsequently, I0 is selected for issue (Exec2 state of State(10) m clock cycle clkn+2) and executes.
35  Dependent instruction operations 11 and 12 may subsequently be executed as their dependencies on 10 are
satisfied,
Turning next to Fig. 13, an exemplary physical address buffer entry 160 is shown which may be
employed by one embodiment of physical address buffer 90. Additionally, exemplary combinatorial logic
circuitry 172 is shown. Circuitry 172 may be used to generate the fill_hit(i) and retry PA(i) signals. Other
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& () -!" 1-~mfePfitkd 170. Second load PA field 168 stores the physical address of the next sequential quadword to first
Joad PA field 168. In the present embodiment, the in-page portion of the physical address is stored in second load

- PA field 168. Since load memory operations which cross a page boundary are non-speculative in the present

20. embodiment, it is sufficient to store only the in-page portion of the next sequential quadword (since if a page is
crossed, the load memory operation will be reissucd non-speculatively and thus no older stores will be issned
subsequent to the reissuance of the load memory operation). Other embodiments may store the entirety of the
next sequential quadword, or any other suitable portion, as desired. Furthermore, while the present embodiment
stores addresses on a quadword granularity, other embodiments may use any other suitable granularity (e.g.

25  octword, double word, etc.). Second byte mask field 170, similar to first byte mask field 166, indicates which
bytes within the next sequential quadword are part of the load memory operand.

Execution core 40A provides the store physical address and corresponding byte mask during execution
of store memory operations. Circuitry 172 compares corresponding portions of the store physical address to the
values stored in first load PA ficld 164 and second load PA field 168. Additionally, corresponding store byte

-30  masks are provided. The AND gates receiving store and load byte masks within circuitry 172 represent logic
which determines if at least one bit in the load byte mask and at least one corresponding bit in the store byte mask
are sct, indicating that at least one byte of the load memory operand is updated by the store memory operation.
For example, an AND gate for each bit, the outputs of which are ORed, could be used. If entry 160 is valid, the
physical address portions match, and at least one byte within the corresponding quadword is part of the load

35  memory operand and is updated by the store memory operation, then the retry_PA(i) signal may be generated. It
is noted that the retry PA(i) signal may also be masked if the store memory operation is not prior to the load
memory operation in program order (not shown in Fig. 3).

It is noted that store memory operands may be arbitrarily aligned in memory as well. Accordingly, one

or more bytes of the store memory operand may be within one quadword and one or more bytes of the store
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the next sequential quadword, the memory operand has at least oné valid byte (byte 7, represented by mask bit 7)
in the first quadword. Thus, a match in the fourth term is encountered only if a match in the first term (comparing
Load_PA(11:3) and Store_PA(11:3)) is also encountered.
Additionally, entry 160 is compared to fill/probe addresses provided by external interface unit 46. In the
20 illustrated embodiment, the address of the cache line being provided in a fill is provided to physical address
buffer 90 for comparison. A corresponding portion of first load PA field 164 and second load PA field 168 may
be compared to the fill address. If a match is detected, the fill_hit(i) signal may be asserted. In other
embodiments, the cache line may be provided to D-cache 44 as a plurality of packets. The portion of the address
idcntifying_ the cache line and packet being provided may be compared in such embodiments.
25 It is still further noted that the Retry PA(i) signal may be masked if the store memory opcraﬁon
corresponding to the store_PA is younger than the load memory operation corresponding to the entry 160.
Turning now to Fig. 14, an exemplary store R# buffer entry 180 is shown which may be employed by
one embodiment of store Ri# buffer 92. Additionally, cxemplary combinatorial logic circuitry 190 is shown.
Circuitry 190 may be used to gencrate the retry_stq(i) signal. Other embodiments are possible and contemplated.
30  More specifically, any suitable combinatorial logic circuitry may be used, including any Boolean equivalents of
the logic shown in Fig. 14. Furthermore, the information stored in en&y 180 may be varied in form and content,
| according to design choice. In the embodiment of Fig. 14, entry 180 includes a valid bits 182 and 186 and store
R# fields 184 and 188. .
Generally, if the instraction operation in the instruction buffer entry to which entry 180 is assigned is a
35  load memory operation, entry 180 is updated with the store R# of a store in store queue 70 which is hit by the
load memory operation. The present embodiment provides for forwarding from up to two store memory
operations to a load memory operation, and thus two store R# fields 184 and 188 are provided to record the R# of
each forwarding store. Respective valid bits 182 and 186 are set if corresponding forwarding stores are detected.
Other embodiments may forward from only one store, and entry 180 may record only one store R#. Still other
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*) 100/@ ( & -’ anto clga/&ple of Fig. 11. The states illustrated in Fig. 12 are represented in a manner similar to Fig.
11. Additionally, the Exec4 and Exec3 states are illustrated as "ex4" and "ex3", respectively. Again similar to
Fig. 11, certain events which cause other events are illustrated by arrows from the event to the resulting event. In
this example, load memory operation 10 is of latency 4.
. At clock cycle clk0, each of the instruction operations 10-12 have been issued and executed, and are thus
20 . in the done state. Corresponding Block signals are deasserted and Not_Blocked signals are asserted. However, a
hit on physical address buffer 90 is detected for R#10 (retry_PA(10) is asserted during clock cycle clk0). In
response, State(10) transitions to the request state in clock cycle clkl. Additionally, the Block(lO) signal is
asserted, and I1 and I2 are subsequently undone during clock cycles clk2 through clk3. _
The load memory operation 10 is selected for execution and passes through the executing states to the
25  done state in clock cycles clk2 through cIk6. In response to [0 reaching the Exec2 state in clock cycle clk4, the
Block(10) signal is deasserted (and hence the Not _Blocked(15) signal becomes asserted. Instruction operations
11 andIZthusmmchcduledandrexssuedasshowanxg 15.
Fig. 15 illustrates that a load instruction operation may be issued and executed prior to store memory
. operations upon which the load instruction operation depends. Subsequently, the store memory operations may
30  be issued and the dependency detected. The dependency is respected by reissuing the load memory operation
(and its dependency chains) from scheduler 36 upon detection of the dependency. A similar timing diagram with
the retry_stq(10) signal asserted illustrates the detection of a false dependency of a load memory operation on a
prior store memory operation which is incorrectly executed and subsequently reissued. Again, scheduler 36
_ handles the situation by reissning the load memory operation and its dependency chains. Correct operation may
35 be provided with minimal performance degradation, and thus aggressive speculative execution may be performed
and higher performance may be realized.
Computer Systems )
Turning now to Fig. 16, a block diagram of one embodiment of a computer system 200 including
processor 10 coupled to a variety of system components through a bus bridge 202 is shown. Other embodiments

32



L*M 10% & ()-s) 109% & ()-kxnbC 1 100& ml0%O& ()- 10( 10( 10(:10%%,%20‘[][;
L$109% & ()-:*10% & ()-h 810% & ()-e7}~?nmbC 1 | .
100L10%0& WO OMIZT0YO8 () - ! , B3&L0IBOBO&' () - h( 109408 () - ! 10%BefrsdoRaddd¥O0s: ()
-371cdBmbC 1

100 g&lom&ﬁ%fn%mvﬂeﬂ J@F&E@Wdﬂa@ﬂ/@b@ 20446 TOMMBE, o Yus Beidded A @Eou) - C

MH{ } [ <MD Ca dnehBPBis 266/ %684 friphics coa@HLOIB B3 1e(ilo  bub ﬂmé%%%@&%@ B0, Figelly,

10908 - 1&10%8(130&
?go:loty@f&')‘ @Mﬂ&gf&?ﬂﬁ 0&99%55 n@z& @821 thopaehor ROT bjs'24g\ A sgeondary bus
100D 9 @bwmy(wmo (n)cofﬁmodate an clcctncal mmcrfacc to one or more EISA or I &m@@ o

== -'PlO0 Bg\= 1 100 D 9! 10%
y &1 0VinonoR(FNp e HISHASA P 0 s 0 oumid' s s e s eyt
100 D (L$mw)ca@$mov@m¢r) €PU Bl R4 QP AR @ferfake loid LOILOSS ctdrdal F@
S&109%08! ( 529\= 1 100 L; M510%0& () - &9! 109%% ()-'a 1) 10%1 ()-'p
.1) 109 “’f@% 'S 10908 ()- VY. F10%08' ()-befghta~ @1

100 #10%<&' () - Bwsibrifge292 prpvides a6 Berfdle bytwechiprotddie ), fhin nitfi6dy 204 grhfHids controller 208,
=10%0% () adAeicesRiacER b PCI bus 214. When an operation is received from one of the devices connected to bus

10 bridge 202, bus bridge 202 identifies the target of the operation (¢.g. a particular device or, in the case of PCI bus
214, that the target is on PCI bus 214). Bus bridge 202 routes the operation to the targeted device. Bus bridge
202 generally translates an operation from the protocol used by the source device or bus to the protocol used by
the target device or bus.

In addition to providing an interface to an ISA/EISA bus for PCI bus 214, secondary bus bridge 216 may
- 15 further incorporate additional functionality, as desired. An input/output controller (not shown), cither extemal
from or integrated with sccondary bus bridge 216, may also be included within computer system 200 to provide
opcrational support for a keyboard and mouse 222 and for various serial and paraliel ports, as desired. An
external cache unit (not shown) may further be coupled to CPU bus 224 between processor 10 and bus bridge 202
in other embodiments. Alternatively, the external cache may be coupled to bus bridge 202 and cache control
20  logic for the external cache may be integrated into bus bridge 202. L2 cache 228 is further shown in a backside
' configuration to processor 10. It is noted that L2 cache 228 may be separate from processor 10, integrated into a
cartridge (c.g. slot 1 or slot A) with processor 10, or even integrated onto a semiconductor substrate with

processor 10. :
_ Main memory 204 is a memory in which application programs are stored and from which processor 10
25  primarily executes. A suitable main memoryl 204 compriscs DRAM (Dynamic Random Access Memory). For

. example, a plurality of banks of SDRAM (Synchronous DRAM) or Rambus DRAM (RDRAM) may be suitable.

. PCI devices 212A-212B are illustrative of a variety of peripheral devices such as, for example, network
interface cards, video accelerators, audio cards, hard or floppy disk drives or drive controllers, SCSI (Small
Computer Systems Interface) adapters and telephony cards. Similarly, ISA device 218 is illustrative of various

30  types of peripheral devices, such as a modem, a sound card, and a variety of data acquisition cards such as GPIB
or field bus interface cards.

Graphics controller 208 is provided to control the rendering of text and images on a display 226.

'Graphics controller 208 may embody a typical graphics accelerator generally known in the art to render three-

dimensional data structures which can be effectively shifted into and from main memory 204. Graphics

35  controller 208 may therefore be a master of AGP bus 210 in that it can request and receive access to a target

interface within bus bridge 202 to thereby obtain access to main memory 204, A dedicatéd graphics bus

accommodates rapid retrieval of data from main memory 204. For certain operations, graphics controller 208

may further be configured to generate PCI protocol transactions on AGP bus 210. The AGP interface of bus

bridge 202 may thus include functionality to support both AGP protocol transactions as well as PCI protocol
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10011 <4 Oa%%%% aﬁ Eo@é%%%?’eﬁ&m(&é e@bodiment of Fig. 17, computer system 300 includes several processing
nodes 312A, 312B, 312C, and 312D. Each processing node is coupled to a respective memory 314A-314D viaa
memory controller 316A-316D included within each respective processing node 312A-312D. Additionally,
processing nodes 312A-312D include interface logic used to communicate between the processing nodes 312A-
15 312D. For example, processing node 312A includes interface logic 318A for communicating with processing
node 312B, interface logic 318B for communicating with processing node 312C, and a third interface logic 318C
for communicating with yet another processing node (not shown). Similarly, processing node 312B includes
. interface logic 318D, 318E, and 318F; processing node 312C includes interface logic 318G, 318H, and 318, and
. processing node 312D includes interface logic 318J, 318K, and 318L. Processing node 312D is coupled to
20 communicate with a plurality of input/output devices (¢.g. devices 320A-320B in 2 daisy chain configuration) via
. interface logic 318L. Other processing nodes may communicate with other I/O devices in a similar fashion.
Processing nodes 312A-312D implement a packet-based link for inter-processing node communication.
In the present embodiment, the link is implemented as sets of unidirectional lines (e.g. lines 324A are used to
transmit packets from processing node 312A to processing node 312B and lines 324B are used to transmit packets
25  from processing node 312B to processing node 312A). Other sets of lines 324C-324H are used to transmit
packets between other processing nodes as illustrated in Fig. 17. Generally, cach set of lines 324 may include one
or more data lines, one or more clock lines corresponding to the data lines, and one or more control lines
indicating the type of packet being conveyed. The link may be operated in a cache coherent: fashion for
communication between processing nodes or in a noncoherent fashion for communication between a processing
30  node and an I/O device (or a bus bridge to an /O bus of conventional construction such as the PCI bus or ISA
bus). Furthermore, the link may be operated in a non-coherent fashion using a daisy-chain structure between /O
. devices as shown. It is noted that a packet to be transmitted from onc processing node to another may pass
through one or more intermediate nodes. For example, a packet transmitted by processing node 312A to
processing node 312D may pass through either processing node 312B or processing node 312C as shown in Fig.
35  17. Any suitable routing algorithm may be used. Other embodiments of computer system 300 may include more
_ or fewer processing nodes then the embodiment shown in Fig. 17.
Generally, the packets may be transmitted as one or more bit times on the lines 324 between nodes. A
_ bit time may be the rising or falling edge of the clock signal on the corresponding clock lines. The packets may
include command packets for initiating transactions, probe packets for maintaining cache coherency, and .
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(& ()-S5 Wklﬁub and hence to which processing node 312A-312D a memory request for a particular address should
be routed. In one embodimeat, the coherency point for an address within computer system 300 is the memory
controller 316A-316D coupled to the memory storing bytes corresponding to the address. In other words, the
memory controller 316A-316D is responsible for ensuring that each memory access to the corresponding memory
15 314A-314D occurs in a cache coherent fashion. Memory controllers 316A-316D may comprise control circuitry
for interfacing to memories 314A-314D. Additionally, memory controllers 316A-316D may include request
.Queues for queuing memory requests.
Generally, interface logic 318A-318L may comprise a variety of buffers for receiving packets from the
link and for buffering packets to be transmitted upon the link. Computer system 300 may employ any suitable
20 flow control mechanism for transmitting packets. For example, in onc embodiment, each interface logic 318
. stores a count of the number of each type of buffer within the receiver at the other end of the link to which that
interface logic is connected. The interface logic does not transmit a packet unless the receiving interface logic has
a free buffer to store the packet. As a receiving buffer is freed by routing a packet onward, the receiving interface
logic transmits a message to the sending interface logic to indicate that the buffer has been freed. Such a
25  mechanism may be referred to as a "coupon-based" system. ' i
1O devices 320A-320B may be any suitable /O devices. For example, 1/O devices 320A-320B may
include network interface cards, video accelerators, audio cards, hard or floppy disk drives or drive controllers,
SCSI (Small Computer Systems Interface) adapters and telephony cards, modems, sound cards, and a vanety of
data acquisition cards such as GPIB or field bus interface cards.

30 Numerous variations and modifications will become apparent to those skilled in the art once the above
disclosure is fully appreciated. It is intended that the following claims be interpreted to embrace all such
variations and modifications.

INDUSTRIAL APPLICABILITY
35 This invention is applicable to the field of processors and computer systems.

35
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said buffer (80) subsequent to issuing, and wherein said circuit (82; 86) is configured
to reissue said first instruction operation if said first instruction operation is
10 incorrectly executed; characterised in that: |
the scheduler further comprises an address buffer (90) coupled to said circuit
(82; 86), wherein said first instruction operation is a first memory operation, and
wherein said address buffer (90) is configured to store a first address accessed by said
first memory operation, said address buffer coupled to receive said first address, and
15 wherein said address buffer (90) is coupled to receive a second address of a store
| memory operation issued subsequent to said first memory op;:ration, and wherein the
" -address buffer (90) is configured to compare the second address to addresses stored in
the address buffer (90), and wherein said first instruction operation is incorrectly
executed if said store. memory.'. operation updates at least one byte accessed by the first -
20 instruction operation and said .store memory opération precedes said first memory -

operation in program order.

2. A scheduler as claimed in claim 1, coupled to receive a first signal from an
execution unit (42) indicating that said first instruction operation is incorrectly
25 executed, and wherein said circuit (82; 86) is configured to- reissue said first
instruction operation responsive to said first signal, and wherein said first signal is
further indicative that said first instruction operation is to execute non-speculatively,
and wherein said circuit (82; 86) is configured to delay reissuing said first instruction '
operation until said first instruction operation is non-speculative.
30
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5
4, A scheduler as claimed in claim 1 wherein said address buffer (90) is coupled-
to receive a fill address indicative of data being transmitted td a data-cache (44), and
- wherein, if said first address indicates data within said data being transmitted to said
data cache, said circuit is configured to reissue the first memory operation.

10 | : : . _
5. A scheduler as claimed in claim 1 further comprising a tag buffer (92) coupled
to receive a store tag corresponding to a store memory operation, wherein said first

. instruction operation is a first memory operation, wherein said store memory
operation updates at least one byte accessed by said first memory operation and said

15 sfore ‘memory operation precedes said first memory store memory operation in

program order, wherein said tag buffer (§2) is configured to store said store tag inan
entry corresponding to said first memory operation responsive to executing said first

memory operation.

20 6. A scheduler as claimed m claim 5 wherein said tag buffer (92) is further
coupled to receive a second store tag corresponding to an executing store, and
wherein said tag buffer (92) is conﬁgure_d to compare said second store tag to said
store tag, and wherein said circuit is configured to reissue said first memory operation

~ responsive to said store tag equalling said second store tag. o

25

7. A processor (10) comprising:
i a scheduler (36) as claimed in any of claims 1 to 6; and
an execution unit (42) coupled to said scheduler, said execution unit
configured to execute said first instruction operation.
30

8. A method comprising;

37
AMENDED SHEET



0113 10908 ()- , 23+109%0& ()- ! C. #100GQIQK ()- - 10%0& ()- 4( 100&qEbadk
0/16 Q02 3000011111uj _@1 10!!L10%@ ()- 100 100 100Y 2858
>@0%08 () - =10%0& () - y5GLO%& () - ! Oy5GLO%Wx7x& () - 11$1. 102F2H2aBj _@qlapg 2004

10! 1t 109 () - @O%GE ()-!

y@10%&' () - Z10%@&' () - 9' &MLO%@E' () - @OYGE () - H2345577zX9] _@ 1

12)#(%‘ ggééég[#ig@iy%g S#@lo:é@ ()-I&#g%f& ()-L1,#10%\ & ()-L!" 10%&
") - c z[ < >@L0% 9=10% -V Oo/dn& -"0
(109 ()-'!3 0 (1Bownga fisstinsyy mmgtwfrmes@z(?%!@%&@s fexec“t* :

SO bl S i A it

PYH109%&' () - n‘sa]d ﬁm - #1109 () - <F==}[9F@ 1

10@ Q S| 9B10%& () - ! SI %310% O-1(f, &10%& () - %v&loo

& ()-15(f&10% () :e;ssgygg/&m@)ﬁrstﬂpstmpggn soperaipn figm said scheduler (36) for exccutlon
5  responsive to said first instruction operatlon being: mcorrectly executed; charactensed

in that:

said first instruction operation is a first memory operation; the method further |
c'omﬁriSing: _ _ '
_ storing a first address of said first instruction operation in an address buffer
10 (o0 ; | . |
issuing a store memory operation preceding said first mstmctlon Operatlon in
I. program order subsequent to issuing said ﬁrst instruction operation;
comparing said first address in said buffer (90) to a store address
corresponding to said store memory operatlon, and | '
15 detecting that said first instruction operation is mcorrectly executed if said
' comparmg indicates- that said store memory operatlon updates at least one byte

- accessed by said first memory operation.

9. A method as. clalmed in claim 8 wherein said first instruction operatlon isa-

20 . first memory operation, the method further comprising: .

' storing a first address of said ﬁrst instruction operation jn an address bu&‘er' .
(90);
comparing a fill address indicative of data being transmitted to a data cache

(44); and )

25 reissuing said first memory operation if said first address indicates data within
said data being transmitted to said data cache. . '

10. A method as claimed in claim 8 wherein said first instruction operation is a
first memory operation, the method further comprising;
30 storing a store tag corresponding to a store memory operation in an entry of a

" tag buffer (92) corresponding to said first memory operation, said store memory
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