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‘i nvention rel ates

to a method and apparatus for decreasing thread switch

|l atency in a nultithread processor. 2. tDescription of Related Art Today

the nbst conmmon

architecture for high performance, single-chip

m croprocessors is the RISC, for reduced instruction set conputer,
architecture. As sem conductor technol ogy has advanced, the goal of RISC
architecture has been to devel op processor designs that can come close to
initiating one instruction on each clock cycle of the machine. This
nmeasure, clock cycles per instruction or CPl, is conmonly used to
characterize architectures for high performance processors. The
architectural features of instruction pipelining and cache nenories have
made the CPlI inprovenents possible. Pipeline instruction execution

al | ows subsequent instructions to begin execution before previously

i ssued instructions have finished execution. Cache nenories all ow
instruction execution to continue, in nost cases, w thout waiting the ful
access time of a main nenory. Although nenory devices used for main nenory
are becom ng faster, the speed gap between such nenory chips 2 and

hi gh-end processors is becom ng increasingly larger. Accordingly, a
significant anmount of execution tine in current high-end processor designs
is spent waiting for cache msses, and it is expected that nmenory access
delays will make up an i METEGD ANDPAPPARATOS PORPDBCREAGTINEXGHRRAM tinme
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BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method and
apparatus for dJdecreasing thread switch latency in a
multithread processor.
2. Description of Related Art )

Today the most common architecture for high
performance, single-chip microprocessors is the RISC,
for reduced imstruction set computer, architecture. As
semiconductor technology has advanced, the goal of RISC
architecture has been to develop processor designs that
can come close to initiating one instruction on each
clock cycle of the machine. This measure, clock cycles
per instruction or CPI, is commonly used to characterize
architectures for high performance processors. The
architectural features of instruction pipelining and
cache memories have made the CPI improvements possible.
Pipeline instruction execution allows subsequent
instructions to begin execution before previously issued
instructions have finished execution. Cache memories
allow instruction execution to continue, in most cases,
without waiting the full access time of a main memory.

Although memory devices used for main memory are
becoming faster, the speed gap between such memory chips



t echni ques are inplenented. One known techni que for tolerating menory
latency is multithreading. Two types of nultithreadi ng exist: hardware

mul tithreadi ng and software multithreading. In general, hardware

mul tithreading enploys a processor that maintains the state of several
tasks or threads on- chip. This generally 4 nvolves replicating the
processor registers for each thread. There are t wo basi c forns of
har dwar e nul tithreadi ng. A traditional form is to keep N threads,
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execut ed. ntains the state of several tasks or threads on
chip. This generally involves replicating the processor
registers for each thread.
There  are two basic forms of hardware
multithreading. A traditional form is to keep N
threads, or states, in the processor and interleave the
threads on a cycle-by-cycle basis. This eliminates all
pipeline dependencies because instructions in a single
thread are separated. The other form of hardware
multithreading is to switch the threads on some long-
latency event. A preferred embodiment of the present
invention employs hardware multithreading and switches
between threads on some long-latenqy event.

Thread switching itself, however, requires a number
of clock cycles. A significant portion of the latency
caused by a thread switch is attributable to the
instruction fetch required to begin executing a new
‘thread. Fig. 1 illustrates a prior art structure for
dispatching instructions for processing by the plurality
of pipelines of a multithread processor. As shown in
Fig. 1, an instruction pass multiplexer 8 has a first
and second input. The firs; input is connected to an
instruction cache 4 which stores a plurality of
instructions. The instructions stored by the
instruction cache 4 belong to both the active thread,
the thread currently being executed, and one oOr more



The "second i nput of the instruction pass nultiplexer 8 is connected to the
main menory and/or nenory sub-system 2. Main menmory stores all the
i nstructions for each thread, while a nenory sub-system such as a |evel two

cache may store | ess than al

the instructions for the various threads, but

nore instructions than the instruction @&ache 4. As shown in Fig.
1, the instruction cache 4 is also connected to the nmain nenory and/ or
menory sub-system 2. |In accordance with a line fill bypass signal received
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sub-system 2 by the control logic 6. The instruction
pass multiplexer 8 outputs the instructions to a primary
instruction queue 10. The primary instrugtion queue 10
stores a plurality of instructions which it outputs for
dispatch to the plurality of processing pipelines
implemented by the multithread processor.

When a thread switch occurs, the instructions in
the primary instruction queue 10 are invalidated, and
during a first clock cycle, addresses for instructions
of the dormant thread which is becoming the active
thread are generated by the control logic 6. During the
second clock cycle, instructions are addressed based on
the newly generated instruction addresses, and the
control logic 6 outputs a line fill bypass signal such
that the instruction pass multiplexer 8 selects the
input connected to the instruction cache 4. If the
instructions being addressed are resident in the
instruction cache 4, then during the third clock cycle,
the instruction pass multiplexer 8 outputs these
instructions to the primary instruction queue 10, and
the primary instruction queue 10 outputs the
instructions for dispatch to the processing pipelines.
Accordingly, when the instructions of the dormant thread



4 which is beconming the active thread are resident in the instruction cache
4, athread switch takes three clock cycles to conplete. O course, if the
“instruction cache 4 does not contain the instructions of the dormant thread
whi ch is becom ng the active thread addressed by the control logic 6, then
the time to conplete the thread switch wijl increase by the anount of tine
required to resolve the instruction cache m ss. OBJECTS AND SUMVARY OF THE
INVENTION It is an object of the present invention to provide a nethod and
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OBJECTS AND SUMMARY OF THE INVENTION

It is an object of the present invention to provide
a method and apparatus for decreasing thread switch
latency in a multithread processor.

It is another object of the present invention to
provide a method and appafatus for decreasing thread
switch latency in a muyltithread processor which
eliminates from the amount of time required to perform
a thread switch, the time to refill the primary
instruction gueue.

These and other objectives are achieved by
providing a thread switch instruction queue, which
stores instructions of a dormant thread, in addition to
a primary instruction queue, which stores -instructions
of the active thread. The instructions stored in the
thread switch instruction gueue are output for execution
when a thread switch occurs thereby eliminating the
thread switch latency resulting from having to wait for
the primary imstruction queue to be refilled.

Additionally, while instructions of the dormant
thread which is becoming the active thread are output
from the thread switch instruction queue, some of the
instructions stored in the thread switch instruction
queue are transferred to the primary instruction queue.
After the initial output of instructions from the thread
switch instruction queue, instructions for execution are
again obtained from the primary instruction gqueue.



guene are transferred to the primary instruction queue. After the initial
out put of instructions fromthe thread switch instruction queue,
‘instructions for execution are again obtained fromthe primary instruction

gueue. 5 Because the primary instruction queue has been prefilled with
instructions originally stored in the threead switch instruction queue, any
further delays in filling the primary instruction queue are al so

elimnated. Qther objects, features and characteristics of the present
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a part of this specification, wherein like reference
numerals designate corresponding parts in the various
figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully
understood from the detailed description given
hereinbelow and the accompanying drawings which are
given by way of illustration only, and thus are not
limitative of the present invention, and wherein:

Fig. 1 illustrates a prior art structure for
dispatching instructions; and

Fig. 2 illustrates the structure for dispatching
instructions according to the present invention.

Of the above discussed figures, Fig. 2 is suggested
for printing on the front page of a patent issuing on
the subject application.



6 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The structure for
di spat chi ng I nstructions according to the present invention includes a
‘thread switch instruction gqueue connected to the instruction pass

mul ti pl exer and an output nultiplexer in parallel with the primry

i nstruction queue. The thread switch instéuction queue stores instructions
of a dormant thread, while the primary instruction gqueue stores
instructions of the active thread. The instructions stored in the thread
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Additionally, while instructions of the dormant
thread which is becoming the active thread are output by
the output multiplexer, some of these instructions are
transferred to the primiary instruction queue. After the
initial output of instructions obtained from the thread
switch instruction queue, the output multiplexer again
outputs instructions for execution obtained from the
primary instruction gqueue. Because the primary
instruction queue has been prefilled with instructions
originally stored in the thread switch instruction
queue, any further delays in filling the primary
instruction queue are also eliminated.

The structure for dispatching instructions
according to the present invention will now be discussed
in detail with reference to Fig. 2. As shown in Fig. 2,
the instruction pass multiplexer 8, the control logic 6,
the instruction cache 4, and the main memory and/or
memory sub-system 2 are connected in the same fashion as
discussed above with respect to the prior art
instruction dispatch structure. Similarly, the control
logic 6 outputs a 1line fill bypass signal to the
instruction pass multiplexer 8 indicating whether the
instruction pass multiplexer 8 should output



l ogic 6 outputs a line fill bypass signal to the instruction pass

mul tiplexer 8 indicating whether the instruction pass mul ti pl exer 8
“shoul d out put 7 instructions received fromthe instruction cache 4 or
the-main nenory and/or nmenory sub-system 2. The structure according to the
present invention for dispatching instrmctions, however, also includes an
instruction fill multiplexer 12, a thread switch instruction queue 14, and
an output nultiplexer 16. The instruction fill nultiplexer 12 has a first
and second- iimmitrudtheons r secedpetd ifrawntket ddstouchéopupdthef4 t b
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thread, thef&ﬁﬁ?%ﬂﬂiiplexer 12 outputs instructions received from
either the instruction pass multiplexer 8 or the output
multiplexer 16 based on a thread switch signal received
from the control logic 6 to the primary instruction

queue 10.

The thread switch instruction queue 14 also
réceives the output of the instruction pass multiplexer
8, and both the thread switch instruction queue 14 and
the primary instruction gqueue 10 send their output to
the output mﬁltiplexer 16. The output multiplexer 16
selectively outputs instructions from either the primary
instruction queue 10 or the thread switch instruction
queue 14 based on the thread switch signal generated by
the control logic 6. The instructions output by the
instruction multiplexer 16 are dispatched to the
plurality of processing pipelines of the multithread
processor.

During execution of the active thread, the thread
switch signal remains low such that the instruction fill
multiplexer 12 outputs instructions received from the
instruction pass multiplexer 8 to fill the primary
instruction queue 10, and the output multiplexer 16
outputs  instructions receivéd from the primary
instruction queue 10.

Furthermore, during execution of the active thread,
instructions of the dormant thread are prefetched and



smﬁtch'signal remai ns | ow such that the instruction fill nultiplexer 12
outputs instructions received fromthe instruction pass nultiplexer 8 to

‘fill the primary instruction queue 10, and the output multiplexer 16

out put s I nstructions received from the primary instruction queue
10. Furthernore, during execution of theactive thread, instructions of the
dormant thread are prefetched and 8 stored in the thread switch

i nstruction queue 14. To prefetch the instructions of the dormant thread
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the primary instruction queue 10 and none of the
instructions being processed by the plurality of
processing pipelines needs to access the instruction
cache 4. If these conditions are met, then the control
logic 6 generates addgesses for the instructions of the
dormant thread, accesses the instructions from at least
one of the instruction cache 4 and the main memory
and/or memory sub-system 2, and outputs a line fill
bypass signal such that the instrudtion.pass multiplexer
8 outputs the prefetched instructions of the dormant
thread. The control logic 6 also enables the thread
switch instruction queue 14 to store these instructions,
and disables the primary instruction gqueue 10 from
storing these instructions. For the sake of clarity,
the enable/disable control lines from the control logic
6 to the primary instruction queue 10 and the  thread
switch instruction queue 14 have not been shown.

The size of the primary instruction queue 10 and
the size of thread switch instruction queue 14 can be
set based on desired operating characteristics. In a
preferred embodiment, however,_the size of the thread
switch instruction queue 14 is set such that the thread
switch instruction queue 14 stores more instructions
than can be received in a single clock cycle by the
plurality of processing pipelines.



and disables the primary instruction queue 10 fromstoring these

I nstructions. For the sake of clarity, the enabl e/disable control |ines
"fromthe control logic 6 to the primary instruction queue 10 and the thread
switch instruction queue 14 have not been shown. The size of the primary
instruction queue 10 and the size of ghread switch instruction queue 14 can
be set based on desired operating characteristics. In a preferred
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conpl etion of the clock cycle, the thread swtch S|§nal resunes its | ow
st at e, anﬁh?n§¥¥%%@|%%%tc signal, outputs instructions output by
the output multiplexer 16 to the primary instruction
queue 10. In this manner, in a single clock cycle,
instructions from the dormant thread becoming the active
thread are dispatched to the processing pipélines and
transferred to the primary instruction queue 10.

After the completion of the clock cycle, the thread
switch signal resumes its low state, and instructions
are dispatched to the processing pipelines from the
primary instruction queue 10 once again. Additionally,
the control logic 6 begins prefetching instructions to
fill the primary instruction queue 10 and the thread
switch instruction queue 14.

Unlike the prior art structure, the instruction
dispatch structure according to the present invention
eliminates from the thread switch latency the amount of
time required to £ill and begin dispatching instructions
from the instruction queue. Consequently, the present
invention achieves a two-cycle reduction in thread
switch latency as compared to the prior art.

It should be understood, that the present invention
is not limited to the embodiment illustrated in Fig. 2.

For instance, the present invention has been described
above with respect to a multithread processor
implementing only two threads. The multithread
processor, however, could implement a plurality of
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is intended _ o
understood that the invention is not limited to the

disclosed embodiments, but on the contrary, is intended
to cover various modifications and equivalent
arrangements included within the spirit and scope of the
’appended claims.



to - cover various nodifications and i uuﬂﬂ ' lﬂﬁ H'Penents

I ncluded within the spirit and scope of the 11 What is
‘clained: 1. A nethod for decreasing thread swi t ch at ency in a multithread
processor, conprising: (a) storing instructions for an active thread in a
primary instruction queue, said active thread being a thread currently
executed by said nultithread processor; (b) storing instructions for a

dormant thread in a thread switch instruction queue, said dormant thread
bei ng a threa®adt igure¢emimgdexecuted by sald mul tithread processor; (c)

di spatching instructiong ﬁéeﬂbaafgrpﬁ |%%rgﬂ;éég1é&g%@hfggtgﬁggutlon

during execution of said active th rea di spatching i nstructions
from said thrééhE%WW%%#FWh%@?@d@?%ﬁeﬁﬁﬁﬁe ?%Wpék%bﬁgron when a thread

switch occurs. 2. T @iémwmé@m@émﬁ@ef@r rhx’iaa(ﬁitﬁr@ptl(lﬁéadl $pakches a
portion of said.instructions gtore in said thread %ﬁ Eftructlon
queue, and fuPFHIRISONRFETRGELIPR) Rie s H3 ga?ﬁﬁY?u F§RS iR d3t hr ead

switch instr uchmdmﬂue:em:tlydmqmn:lmﬁbynsaiépm(u)lttlmread(bmceasgtr,

}3?%Lgftngpﬁrgfﬁg%?g)&é&@%%ﬁgn% uct | ons 04@1?%{ gggﬁg%t Ctkﬁlr eaé1for
storage in saﬁ@ﬂ@#%aﬂwéﬁphcmnﬁﬁﬁuQEQQanaeﬁﬁe1ﬁﬁmﬁaﬂ0F@@ﬂtcﬁ@r6ﬁdan

i nstruction caghe@ndaa WRiread@®MOhYt 4culenfaihodeécstaim By Wheaehn said
step (e) Conp&hltlthread processor;

{(c) dispatching instructions from said primary
instruction queune for execution during execution of said
active thread; and

(d) dispatching instructions from said thread
switch instruction queue for execution when a thread

switch occurs.

2. The method of claim 1, wherein

said step (d) dispatches a portion of said
instructions stored in said thread switch instruction
queue, and further comprising,

(e) transferring instructions in said thread switch
instruction queue not dispatched in step (d) to said
primary instruction queue when a thread switch occurs.

3. The method of claim 1, further comprising:

(e) prefetching instructions of said dormant thread
for storage in said thread switch instruction queue from
at least one of an instruction cache and a main memory.

4. The method of claim 3, wherein said step {e)
comprises:

{el) determining whether any branch instructions in
said primary instruction -qﬁeue or dispatched for
execution need to access said instruction cache;



el )" det erm ni ng whet her any branch instruct]i ' ' gEery
Ens% ruction queue or dispatched for executi oH'I]mmmmerﬂLlll[gal d
i nstruction cache; 12 (e2) determ ning whethef an i"'nstruéti on cache
mss, as a result of an dormant thread instruction prefetch, is being
processed; and (e3) prefetching instructjigons for said dormant thread

I nstead of instructions for said active thread when said step (el)
determnes that no branch instructions in said primary instruction queue

or dispatched for &xkuletmrmiaeihd wieatess asaidstrattich eachachesand said
step (e2) detger i nessd pat ofnahnﬁorrlfr%tdtorl:htcrae% ﬂfér@c?tforﬁesgle%egf an

dormant thread instruction prefetch I's no €l Ng processed. T’Hé met hod
of claimil, WeRSREREPeeseed: sandch instructi on queue stores nore

i nstructions than Gy berdisaiohied el PRI £33 8408l CaPEHASAES! N
cycle. 6. Th% net hod, of C|§I m_1,, wherein said_step (b) stores rnstructions
for one of a Slrlﬁagi i 155 bPadoPhart S Hruddons; faresaddhaftdvel khnead

wherei n sai dwhiegp (#3idt oseeg ns{elft | Aetdraiindsp| kR Lt Y nof doFaReH
threads in a;:plyral j.t. thread switch i nstruction queues, each thread
switch instr ﬁglts:éc]):?\}dc‘]:&éffeg beﬁq{\g%gasls%mci% BEW t HTHHE B LR d PRESI i P of

dor mant t hr edd§Pagsdeshif@rsexecudion seedchesad¢nass leaidnindromeshdd t hread

swi (| St I wlohe afiee W (e3P ok NGid QerSiirth | YHIAN (ad NRAL- WL £ S
becom ng active.as g result of a _thread swtch. 8. An_ appar at us
di spat chi ng CRROE BASBoRS & Fesult of an dormant thread instruction

prefetch is not being processed.

5. The method of claim 1, wherein said thread
switch instruction queue stores more instructions than
can be dispatched for execution in a single processing
cycle. ’ '

i 3
6. The method of claim 1, wherein said step (b)
stores instructions for one of a plurality of dormant

threads.

7. The method of claim 1, wherein

said step (b) stores instructions for a plurality
of dormant threads in a plurality of thread switch
instruction queues, each thread switch instruction queue
being associated with one of said plurality of dormant
threads; and

said step {(d) dispatches instructions from said
thread switch instruction queue corresponding .to said
dormant thread which is becoming active as a result of
a thread switch.

8. An apparatus dispa_tching instructions for
execution by a multithread processor which decreases
thread switch latency, comprising:



execution by a multithread processor whi Chmﬂmmﬂfm Hmm switch | atency,
conpri si ng: 13 a primary instruction qu _Q] uctions for an
"active thread, said active thread being a threfd turterftly executed by said
multithread processor; at |east one thread switch instruction queue storing
instructions for a dormant thread, saiddprmant thread being a thread not

currently executed by said nultithread processor; and dispatching neans for

di spatching instructions fromsaid primary instruction queue for execution
during execution of paithaagt iestihneationandeher scﬁc&piatg:hingtrustd@cnsi ons

from al d LNMRAS i d Gl OSLRHEL hONa01A1ECE O o CXREULE OB HhE a2 hibsad

swi tch occurs. arat Us re| sal
di spat chi ng qmtws%e@%gd By paidi BHltathbreaddorases§Otizons stored in

said thread sw tChat’: nst &gt i Q@nQUGHRrEQ& eéﬁf%honlnélﬂﬁuéﬁ%ﬁf e(féeue
i nstructions | n said thread swtch_i nstractlon gueue not di spatched f

execution t o SAEM i IRFGTIGELPHE FBR FuEREIRENCAT 2R cafP i @eﬁmﬁ&?urs
10. The apnauraai UBeint & athr@ad wuar ecuwrremt Iy dexpatickidngpyreandd

conpri ses: i ]ttsltt'fﬂ'léé%p%ﬁégéﬁésgel Xhﬂg output of said primary instruction

gueue and ou sai SW tch’instruction queue, and outputting
one of said out putdmp%mWM|mwslﬁim dispasehdoguinahgussionsuf pom of

sai d thread %wltcfhgﬂﬁfawt 108 BN hASEHo0D. T BRCEMILED aleRAlL

indicating a threa econd exer recelvi ng output of

said first miHapHeEQR afd Sakd r a6tidgs qttﬁeasdtrorﬁﬁé ifeTs G HSBREFRLDT
i nstruction gueiterudiitbios!t PHbmi BE ianefeamistritidpUingfruction queue

for execution when a thread switch occurs.

9. The apparatus of claim 8, wherein said
dispatching means dispatches a portion of said
instructions stored in said thread switch instruction
queue for execution, and transfers instructions in said
;:hread switch instruction queue not dispatched for
execution to said primary instruction gqueue when a
thread switch occurs.

10. The apparatus of claim 9, wherein said
dispatching means comprises:

a first multiplexer receiving output of said
primary instruction queue and output of said thread
switch instruction queue, and outputting one of said
output of said primary instruction gueue and said output
of said thread switch instruction queue based on a
thread switch signal indicating a thread switch; and

a second multiplexer receiving output of said first
multiplexer and instructions for storage in said primary
instruction queue, and outputting one of said output of
said first multiplexer and said instructions for storage
in said primary instruction qdeue based on said thread
switch signal.



saied fi rst mul ti pl exer and said instructions i d primary
instruction queue based on said thread sw tcf“lmﬁmllmmllmnﬁ The
“apparatus of claim8, wherein said thread switth ¢ nstrbctton queue stores

i nstructions of said dormant thread prefetched fromat | east one of an
instruction cache and a main nmenory. 12,4 The apparatus of claim8, wherein
said thread switch instruction queue stores nore instructions than can be
di spat ched for execution in a single processing cycle. 13. The apparatus of
claim8, wherein said Théeaﬁpanhtub bistLHCini 8N @heweist eadd ithstdadt i ons

for one of I | r 4. L f m-8,
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associ ated \@ﬁg\:ﬂg@tpénsgghghgl 4hal bt haQh demeegt threads; and wherein said
di spat chi ng neans di spatches instructions fromone of said plurality of

thread switch instruction queues corresponding to said dormant thread which

i s beconi ng acti ve2 as ehéeeapbharatus blir eadiavsi chhetbin sthethm at us
of claim rein . sai g'tldl spat chi nq nmeans_conpr nul ti pl_exer
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i nput connectasd be diaspatithedd fon tetedutsitanucin an gimgeke processing

cycle.

13. The apparatus of claim 8, wherein said thread
switch instruction queue stores instructions for one of
a plurality of dormant threads.

14. The apparatus of claim 8, further comprising:

a plurélity of thread switch instruction gqueues
storing a plurality of dormant threads, each thread
switch instruction gqueue being associated with one of
sald plurality of dormant threads; and wherein

said dispatching means dispatches instructions from
one of said plurality of thread switch instruction
queues corresponding to.said dormant thread which is
becoming active as a result of a thread switch.

15. The apparatus of claim 8, wherein said
dispatching means comprises:

a multiplexer having one input connected to said
primary instruction queue and another input connected to
said thread switch instruction queue.



