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SUPERSCALAR MICROPROCESSOR IN STRUCTION PIPELINE
INCLUDING INSTRUCTION DISPATCHING AND KILL CONTROL

- Technical Field
- The present invention relates generally to pipelined superscalar
microprocessors. More particularly, the present invention relates to instruction
dispatching in a pipelined superscalor microprocessor in normal operation, and

after exception processing.

Background Art .
l\/hcroprocessors have a limited amount of on-chlp resources to perform
addressing, execution and control operatlons. There is a trade-off between a
cost associated with the microprocessor (both in dollars and in execution speed),
and the amount of resources. At some point, a designer of a microprocessor
establishes a particular resource set. Thereafter, those resources must be used as
efﬁc1ent1y as possible to maximize performance. |
- For example, for scalar processors, one significant resource lumtatlon was the
| availability on the chip of only to be retrieved from a memory and presented to
the ALU. The ALU operated on the data and provided an output. Afterwards, it
would be ready to perform another calculatlon aﬂer other operands were
retrieved from memory. o
It was soon realized that because the ALU was a critical component, it should
-not sit idle. A structure identified as a plpehne was added before the ALU to
improve performance. The pipeline improved performance because it allowed
" the ALU to process operands as fast as it was able, there was no waiting for its
operands. |

Problems developed with plpehned structures when conditions arose that
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cost associated with the mcroprocessor (both in dollars and in execution
speed), and the amount of resources. At sone point, a.designer of a _

m croprocessor establishes a particular resource set. Thereafter, those
resources nust be used as efficiently as possible to naxi m ze perfornance.
For exanple, for scalar processors, one significant resource linmtation was
the availability on the chip of only to be retrieved frgma nmenory and

pr esent edaused the pipelingHe ammmacarrcet data l@nﬂéxmoﬁﬂﬁﬁltﬁﬁﬁ 0§n out put .

Afterwards, J.t. would b ready or m,anot her ca atio a r, ot her
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The pi pe'dd%ﬂlﬂl@l@rlﬁé?@“&?é tinesthat thedaaseould 8¢ ivsetect. The term exception,

o or trap, developed to 1dent1fy the requlrement ‘of exceptional processing required
by the system.

Solutions developed for dealing with the exceptlons The cycle wherein each
new solutlon produced a new problem continues. Itis a goal to attempt to

" maximize performance, continaally developing new and improved systems.

A superscalar microprocessor has the same type of problems, only those
problems are far greater and far more complex. The superscalar microprocessor
has mu_ltiple functional units that can exe_cu_te instructions and perform other
tasks at the same time as other functional units. For example, where the scalar
processor has a pipeline that includes one instruction per pipeline stage, the
superscalar microprocessor has a pipeline that can have mulﬁple instructions per
stage. | ) |

Supercomputers oﬁen employ a superscalar architecture. Performance .

- versus cost tradeoffs are important issues. It becomes very nnportant to extract
_max1mum computmg power from the resources prov1ded in the mlcroprocessor.
Issues relatmg to extraction of maximum performance include fast, efficient
plpelmes that process exceptions quxckly Routing instructions to appropnate

functional units as rapidly as possible requires fast analysis of busy resources.

Dlsclosure of Invention
The present invention provides apparatus and method for prov1dmg a fast
and efficient pipeline in a superscalar microprocessor having a multiple
implementation. The pipeline of the present invention Quickly matches o
instructions to be diSpatched in a pipeline with available resources. Exceptions
| occurring in the pipeline are processed efﬁcieﬁtly-, all in the same pipeline stage,
I —
cet Has Been Replaced

l\llll\l A l||l

2



the ALU to process dper ands as fast as it was able, there was ne wai ting
for its operands. Probl ens devel oped with pipelined structures when '
conditions arose that 2 caused the pipeline to contain incorrect data.
One exanple of this type of condition occurs froma conditional branch
condition. As the pipeline could include data corresponding to only one of
the possibilities of the branch. condition, there were tines that the data
- woul d be in aduriferm mapmert er m exception, . or trap, devel oped to identify the
requir errentAccord(uclg (t)lo(r)lgqalsp Lo SéI in entlgrllj,i ﬁ:?gclades a five-stage, superscalar
integer pipeline that fetches, decodes, addresses, executes and writes data into a
ﬁregxster file. A predecoder preprocesses instructions during the fetch stage to
improve resource contention resolution and instruction dlspatchmg by
appending a code to each instruction 1nclu_d1ng a unique categorization code.
Duﬁng the decoding stage, integer instructions are routed in program
sequence order to functional units according to a resource scoreboard and other
resource-related conditions. During the address and execution stage, ﬂoatmg
point instructions are reformatted and rotated into a source code order to be
1ssued, four instructions at a time at write stage, into a ﬁrst-m first-out (FIFO)
queue for the floating point unit.
 According to another aspect of the invention, exception processing for
* instruction execution errors cache misses of many types, and branch
misprediction errors all are resolved during the execution stage Inthe .
superscalar pipeline, instruction priority bits permit instructions having a hlgher
priority than exception-causing successfully complete, while exception
instruetions and lower priority insttuctions, and their effects, are canceled.
Reference to the reniaining portions of the specification, including the
drawing and claims will realize other features and advantages_of the 'present

invention.

Brief Description of Drawings
Fig, 1 is a block diagram of a superscalar mlcroprocessmg unit 10 having an
integer unlt 12 and a floating point unit 14;
Fig. 2isa block diagram 111ustratmg a set of ﬁmctlonal instruction ﬂow paths
(plpelmes) in SMU 10;
Fig. 3 is a block diagram 1llustrat1ng a five stage mteger plpehne 250 portion
- of the pipeline structure of SMU 10, as well as a_ descnptxon of functions .
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by the system -Sol utions devel oped for dealing with the exceptions. The
cycl e wherein each new sol ution produced a new problemcontinues. It is a
goal to attenpt to- naxin ze perfornmance, continually devel opi ng new and
i nproved systens. A superscal ar mcroprocessor has the sane type of
problenms, only those problems are far greater and far nore conplex. The
superscal ar mcroprocessor has multiple functional units that can execute
i nstruct mmrgoramd ttlfeoindi vidual stages;s at the sane tinme as- ot her functlonal

o BT o Tt it
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Fig. 5 is a flowchart illustrating a combined plpelme 350 including integer

pipeline 250, external cache pipeline 302, and floating point pipeline 300;

Fig. 6 is a detailed block diagram of dispatch unit 202 shown in Fig. 2;

Fig. 7 is a representation of a template for a reformatted instruction 450 after
predecodmg, | | |

Fig. 8isa block dlagram of datapath flow through mteger dlspatch unit 402
1llustrated in Fig. 6; .

Fig. 9 is a schematic representation rllustratmg use of a reglster scoreboard
480 to establish and resolve resource contention;

Fig. 10isa simplified block diagram of a fetch and dlspatch system 500

~ according to the preferred embodiment;

Fig. 11 is an illustration of operation of an mstructlon queue such as that
shown in F1g 10 taken over four cycles;

Fig. 12isa representation of a template for a reformatted floating point
operation instruction 550 and a template for a reformatted floating point |
memory operation 552 after reformatting;

Fig. 13 is a schematic diagram illustrating dlspatchmg in SMU IO to perform
a floating point load operation; and |

Fig. 14 is a schematic diagram illustrating dispatching in SMU 10 to perform
a ﬂoating point store operation.- | |

Best Mode for Carrying Out the Invention'
Next, the present invention will be descnbed with reference to the drawings

in the following order.

Contents: _' | ' .
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versus cost tradeoffs. are inportant issues. |t becones very inportant to
extract maxi'mum conputing power fromthe resources provided in the

m croprocessor. |Issues relating to extraction of maxi num perfornmance

i nclude fast, efficient pipelines that process exceptions quickly. Routing
instructi-ons to appropriate functional units as rapidly as possible
requires fast analy5|s of busy resources. Disclosure of Invention The
present inventi tﬂﬂhuﬁﬁms apparatus and nethod for providing a fast and
ef ficient plpii ﬁ' i,n éhnscalar m croprocessor having a nultiple
-|nplenentat|o C%QWP ©f the present invention quickly matches

I nstructions Eﬁﬂgt ﬂﬁﬁﬁhed in a pipeline with avail abl-e resources.
Excepti ons occurr| | e pipeline are processed efficiently, all in the

same pi pel i neTvt Pjpeline Refill and Exception Processing
V. Conclusion

L. Introduction

Fig. 1 is a block diagram ofa superscalar microprocessing unit 10 having an
integer unit 12 and a ﬂoatlng point unit 14. In the preferred embodiment,
mteger umt 12 and ﬂoatmg point unit 14 cooperatively interact to produce a

. single microprocessor, though their functions are physically divided between two _

discrete integrated circuit devices. Microprocessing unit 10 inclides a global
external cache (GS) 16 accessed via a tag memory. unit 18. External cache 16 is
global because it is available to both integer unit 12 and floating point unit 14.

Integer unit 12 includes a number of functional umts These units include an
integer operation execution unit 50 coupled to an integer register file 52. |
Execution operation unit 50 includes two integer arithmetic logic units (IALUs),

a shifter and a multiply-add unit. Execution unit 50 operates on data received

from register file 52 and writes results back. | o

Integer unit 12 loads integer data from an on-board data cache (DS) 54 into
register ﬁle 52 and stores data from register file 52 back to DS 54 and to an
external cache memory through ﬂoating point unit 14. An address generator 56
provides virtual addresses to DS 54 and will also use data from register file 52 to
generate addresses. | | | |

Data stored in DS 54 only represents a portion of the total avallable memory.
There are times when data needed by integer unit 12 is unavailable in DS 54. In
those instances, integer' unit 12 accesses external cache 16 to bring desired data

. into DS 54. To access external cache 16, integer unit 12 converts vir_tual '

addresses provided from address generator 56 to physical addresses using a
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~in a-.uniformmanner. According to one aspect of the invention, it includes
a five-stage, superscal ar integer pipeline that fetches, decodes, '
addresses, executes and wites data into a register file. A predecoder
preprocesses instructions during the fetch stage to-i nprove resource
contention resolution and - instruction dispatching by appending a code to
each instruction including a unique categorization code. During the
decodi ngtmnalation lookgaside baffardTLBESr é[‘IxB)GBqnmviﬂq:srbxghamutsmnb eacke d6der -

to functional units according.to res reb ' and ot her

r esour ce2R[1aE AEMORY PRIt WItha p Sl@ﬁ ad &s @eﬁm cachgelo
floati ngﬂE@lﬂé 5413&1{huﬁ1te' (?erﬁre%’&atr eformatted and rot ated into a source code

-order to

Integer unit 12 uses instructions to control data flow and operations. Integer
unit 12 includes an instruction cache (IS) 70, a branch prédiction cache (BS) 72,
an instruction buffer 74, a dispatching unit 80 and a floating point instruction
queue (FPQ) 80 to obtain and route instructions to appropriate resources, in an

_ appropriate order, of superscalar processing unit 10. R

IS 70 stores and issues instructions. Some instructions are branch |
instructions that can produce a discontinuity in program flow. BS 72, coupled
to IS 70, stores pointers to branch targets for each branch instruction in IS 70.
Instruction buffer 74, coupled to an output of IS 70, loads instructions from IS
70 in a desired order. | ' | "

Dispatching unit 80 reads instructions from instruction buffer 74, checks
them, verifies that needed hérdware resources are available, and issues the
instructions to appfopriate functional units of the microprocessing unit 10.

- Dispatching unit 80 routes instructions destined for floating point unit 14 to
floating point queue 82. Dispatching unit 80 issues integer operations to
execution unit 50 and issues membry instructions to address generator 5 6.

- Floating point unit 14 includes floating point execution unit (FPXU) 100,
floating point register fi file (FREG) 102, a floating point load queue (LDQ) 104,
and a store queue 106. FPXU 100 includes two floating point execution units
that operate on data read from FREG 102. FPXU writes results back to FREG
102. | o | |

FPU 14 does not include any address control structures, so integer unit 12

| accesses necessary data from external cache 16 and loads them into LDQ 104.

Thereafier, a load instruction to FPU 14 reads appropriate data from LDQ 104 .
and writes it into FREG 102. Similarly, stores from FREG 102 to external cache

16 go through STQ 106. A store instruction in FPU 14 causes it to transfer data
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Brief De

Scrip
implementation described previously. As there are a number of execution units

and address generation units available for concurrent operation, the preferred
embodiment implements SMU 10 with a multi-pathway pipelined architecture.

For example, instruction buffer 74 retrieves four instructions per cycle from

IS 70. Dispatch unit 80 routes up to two memory instructions to address -

‘generation units 56, up to two integer operation instructions to execution unit

50, and up to four floating point instructions to FPQ 82, each and every cycle.

The preferred embodiment implements its pipeline in a continuous operation

“mode. In other words, the pipeline never stops, but continues to advance

instructions from one stage of a pipeline to another. Details regarding

~ dispatching and pipeline control and refill are discussed below.

II. Pipeline Structure -
Fig. 2 is a block dlagram illustrating a set of functional instruction flow paths

(pipelines) in SMU 10. Items similarly numbered to those of Fig. 1 represent the

same component. After initialization of a system employing SMU 10, integer
unit 12 loads a set of appropnate instructions from external cache 16 into IS 70
using a data bus 200. Each mstructlon is thirty-two bits wide. Integer unit 12

' loads four instructions at one time into IS 70, therefore data bus 200 is 12.8 b1ts _

wide.

A dispatch unit 202 includes some predecoding ﬁmctionality, instruction'
buffer 74, dispetch unit 80, some floating point formatting functionality, and
FPQ 82, all shown in Fig. 1. Dispatch unit 202 receives four instructions at one
time over a data bus 204, adds eighteen bits to each instruction to facilitate -
routing, enqueues instructions, and routes from zero to four instructions per
cycle. The addition of the extra bits is part of the predecoding operation.

The instruction dispatching operatlon always dispatches mstructlons in order.
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Fig. 1 is a block diagramof a superscalar n1croproce55|ng unit 10 havi ng
an.integer unit 12 and a floating point unit 14; Fig. 2 i's a bl ock di agram
illustrating a set of functional instruction flow paths (pipelines) in SMJ
10; Fig. 3 is a bl ock diagramillustrating a five stage integer pipeline
250 portion of the pipeline structure of SMJ 10, -as well as a description
of functigns perforned at the individual stages; Fig. 4 is a block

di agr am ilihag s, shonld)dispatctbuniti203 be uaabkdatdm@atpbuaw parpeulaﬂe 300 portion
of the. P'u?s%'ucr%lonséégacutsg o s%fmeS Ir\élas%g (Eh Se ljegéoer?se{vﬂ? i)g %Jurtﬂgr tzegglamed
| below), then instructions later in the instruction stream cannot be dispatched
| until all earlier instructions have been dispatched. |
~ Dispatch unit 202 has a number of pipelines it can route instructions to.
These pipelines include a memory pipeline 210, an integer pipeline 212, and a
floating point pipeline 214. Memory pipeline 210 and integer pipeline 212 each
- include two independent pipelines, while ﬂoating point pipeline 214 is four
_instructions wide, including space for two floating point operations and two
ﬂOating point memory operations.
| Dispatch unit 202 routes memory instructions to address "géncrator 56 via
memory pipeline 210, routes integer operations to execution unit 50, and routes
 floating point instructions to F PU 14. Note, dispatch unit 202 routes some
floating memory instructions to both memory pipeline 210 for address
generation, and to floating point pipeline 214. Dispatched unit 202 routes some
floating point instructions, such as floating point compare and a conditional
move, to both integér pipeline 212 for execution, and to floating point pipeiine 214.
In addition to the components described with respect to Fig. 1, Fig. 2
includes an integer store pipeline 220 éo_upling an output of DS 54 to dispatch
202, and an address queue 224 coupied between tag memory unit 18 and
- external cache 16. Integer store pipeline 222 permits integer unit 12 to update
external cache 16 after it does an store operatiori into DS 54. Integer unit 12
packages an integer store instruction and its associated data together in dispatch
unit 202. After packaging, integer unit 12 dispatches the mstructlon and data to
floating point plpelme 214 in order for FPU 14 to store the data to external
cache 16. |
Appropriate addresses to store data from STQ 106 are available from integer
unit 12 via address queue 224, Itis part.of the function of dispatch unit 202 to
match instructions being sent to FPU 14 with appropriate data in LDQ 104 and
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Fig. 5is a flowhart illustrating a-conbined pipeline 350 including-.

i nteger pipeline 250, external cache pipeline 302, and floating point
pipeline 300; Fig. 6 is a detailed bl ock diagram of dispatch unit 202 shown
in Fig. 20 Fig. 7 is a representation of a tenplate for a reformatted

I nstruction 450 after predecoding; Fig. 8 is a block diagram of datapath

flow thro nteger d| spatch unit 402 illustrated in Fig. 6; Fig. 9is a
schenmat i @ bn illustrati ng use of a register scoreboard 480 Lo
est abli sh esol ve our ce.co t 10 is a sj.nplifjed bloc
di agr am of aﬁai%f étlﬁﬁ‘ gﬂﬁf(df I"ﬁ‘éﬁ?@ mt%ertmpp ngigrgé)fB‘P’FtEHl

enbodi e ihEtpolire difuctird i SMICP40, 98 »%11 gg%r@égc%u%h S fitiighyet | on aueve

such as t _
performed at the individual stages. Advantages of integer pipeline 250 include

that it has a low-latency between a fetch of an instruction and its execution, no

~ load delay slot, same cyéle data forwarding for dependent load after store, and
the characteristics that a branch and a delay slot are able to execute together in

~ the same cycle. In the preferred émbodiment SMU 10 provides a processor for
use in a reduced instruction set computer (RISC). This RISC archltecture affects
many of the design : and implementation described herein.

The followmg description of Fig. 3 references components illustrated i in Fig.

1 and Fig. 2. Integer pipeline 250 includes a fetch stage 252, a decode stage
254, an addressing stage 256, an execute stage 258 and a writeback stage 260. -
Integer pipeline 250 includes both memory pipeline 210 and integer instruction

| pipéline 212, o - -

Fetch stage 252 has integer unit 12 fetch instrﬁgtionsinto IS 70 from external

~ cache 16 via data bus 200. As mentioned earlier, dispatch unit 202 includes
some predecoding functionality. This pfedecoder gets four thirty-two bit
instructions from IS and appends eighteen bits to each instruction to facilitate
dispatching. The predecoder then plabes the predecoded instructions into

~ instruction buffer 74. Fetch stage 252 also performs some branch prediction.
Branch prediction occurs in fetch stage 252 w1th one branch prediction per
quadword _

Decode stage 254 accesses instructions from instruction buffer 74 and
decodes them to determine the type of instructions they are. Since SMU 10 can
process up to four instructions per cycle, it is important to define a mechanism |

~_ to identify relative order among instructions in each cycle. At the decode stage, |
dispatch unit 202 scoreboards these instructions to match available resources to

requirements of the instructions. Dispatch unit 202 dispatches only those
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shown in Fi g 10 taken over four cycl es; Fi g. 12 is ar epr esentation of a
tenplate for a reformatted fl oating poi nt operation instruction 550 and a
tenplate for a reformatted floating point nenory-operation 552 after
reformatting; Fig. 13 is a schematic diagramillustrating dispatching in
SMJ 10 to performa floating point |oad operation; and Fig. 14 is a
schemati ¢ -diagramillustrating dispatching in SMJ 10 to performa fl oat i ng
poi nt st dﬂ%mﬁiwnﬁw se pesqurcesiaref available. y ImtheQiecadesstage, aogister files2 t he
present i.nvention wll be described with reference to the drawngs in the
f ol I owi nd® BFeessed By memary nstructions to retrieve an address register specifier.
- Decode stage 254 determines relative priority among instructions by reading
the program counter pointing to the next instruction to be executed. Upon
dispatching an instruction,.dispatch unit 202 associates the instructions relative
'priori-t_y with a control word dispatched' with each instruction.
It is an advantage of the present invention that instruction realignment to .
source code order in the instruction buffer is not necessary when dlspatchmg
less than a quadword from the instruction buffer.
Addressing stage 256 uses address generator 56 to generate load addresses
and store addresses. , _
Execute stage 258 includes a large number of activities. Execution unit 50
completes all integer arithmetic logic unit (TALU) operations in except multiplies
and divides (which take many cycles) multiply and div, and all shift, operations
in this one cycle multiply and divide operations are _commi_tted during the
execute stage. Execution unit 50 loads data from DS 54 into register file 52
during execute stage 258. Additionally, integer unit 12 resolves branches,
- performs TLB lookups, and detects exceptions, all during execute stage 258.
~ Writeback stage 260 follows execute stage 258 and concludes integer
pipeline 250's portion of the plpehnes of SMU 10. Successful completion of an
- instruction during execute stage 258 results in that instruction performmg any
‘necessary write into register file 52. Operations and results of exception _
detection in execute stage 258 qualify conditions when this write into register
file 52 can occur. A write into register file 52 is irreversible. Therefore, integer
unit 12 allows writes only if an instruction executed properly and no instruction
with a higher priority (that is, an instruction that precedes it in the instruction
stream) generated any type of exception that was detected during execute stage -

258. A more detailed descnptlon of exceptlon processing and resolution i is

provided below. - / .
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5 1. Introduction I'l. Pipeline Structure IIl. Dispatching IV. Pipeline
Refill and Exception Processing V. Conclusion 1. Introduction Fig. | is a
bl ock di agram of a superscal ar nicroprocessing unit 10 having an integer
unit 12 and a floating point unit 14. In the preferred enbodi nent,

Fig. 4 is a block diagram illustrating a decoupling of a floating-point pipeline
300 portion of the pipeline structure df SMU 10 from intég_er pipeline 250. The
description of Fig. 4 is made with respebt to components illustrated in Fig. 2. As
described earlier, integer unit 12 provides addressing control information to
external cache 16 to access data for floating point unit 14. This means that
floating point load and store instructions pass through integer pipeline 250,
specifically memory pipeline 210, to ‘TLB 58 to produce a physical address in
external cache 16 of the needed data. Datapaths from TLB 58 to external cache
16, and then from external cache 16 to LDQ 104 form an external cache pipeline

302 shown in Fig. 4. External cache pipeline 302 operates in five cycles. In the
preferred embodiment, to improve brandwidth, external cache 16 is interleaved.
Even addresses aré located in a ﬁrst bank, identified as 16a, while odd addresses
are located in a second bank 16b. Tag memory 18 is snmlarly d1v1ded into an |
even tag memory 18a and an odd memory tag 18b.

External cache pipeline 302 produces data for FPU 14 by loadlng the data
into LDQ 104. Due to the interleaving of external cache 16, LDQ 104 is divided
| into an even LDQ (LDQE) 104a and an odd LDQ (LDQO) 104b. Integer unit

12 includes an address bellows 304 whose operation is explained in a related
 patent application entitled CONFLICT RESOLUTION IN INTERLEAVED

MEMORY SYSTEM WITH MULTIPLE PARALLEL ACCESSES filed December
- 15, 1993. The address bellows 304 improved performance of interleavd external

cache 302 when two instructions arrive from integer pipeline 250 that need to

proceed down the same side of the pipeline. Address bellows 304 can hold one

of the instructions, allow the higher priority one to proceed, and issue the held

instruction the next cyclc . :

Integer pipeline 250 does not dispatch instructions into F PQ 82 unul all
higher order instructions execute and any exception or dependencies are
resolved. Once an instruction is sent into FPQ 82, those instructions are
committed. Therefore, instructiops .are not enqueued into FPQ 82 until

SRt
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integer unit 12 and floating point unit 14 cooperatively interact to
produce a single mcroprocessor, though their functions are physically

di vided between two discrete integrated circuit devices. M croprocessing
unit 10 includes a gl obal external cache (GS) 16 accessed via a tag nenory
unit 18. External cache 16 is gl obal because it is avail abl eto bot h
integer unit 12 and floating point unit 14. Integer unit 12 includes a
nunber ofwritebackstage 260t s. These units include an integer operation

operati on SMUSD vseslaselit-fewel cacherru egerg&?@%ié?é&d&ﬁﬁi’&?ﬁ%&) a
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instructions: straightforward implementations could prevent dispatching of any

-

floating point instruction for five cycles (or up to twenty instructions) following
a floating point load. | ' . |

Decoupling FPU 14 from integer pipeline 250 hides the five cycle latency of
external cache pipeline 302. FPQ 82 is implemented as a first-in, first-out |
(FIFO) queue. Therefore, a floating point instruction that uses a result of a .
floating point load instruction can immediately follow the ﬂbating point load
instruction in FPQ 82. Dispatch unit 202 thus ignores the latency of external
cache 302. Thereafter, integer pipeline 250 is iminediately free to continue on to

' o_thér instructions. The load instruction proceeds through memory pipeline 210

to external cache pipeline 302 and deposits the load data into LDQ 104 after five =
cycles. Until the load data is available in LDQ 104, the floating point load
instruction waits in FPQ 82 and issues to FPU 14 when it is ready. The
éo_mpute instruction waits behind the floating point instruction in FPQ 82 until
the load data is loaded into FREG file 102. |

‘The decoupling of the FP_U 14 can result in out of order execution of floating
point instructions with respect to integer instructions. The latency of external
cache pipeline 304 is hidden from integer pipeline 250 by not requiring in order
execution of floating point instructions and integer instructions. |

Fig. 5 is a flowchart illustrating a combined pipeline 350 including integer
pipeline 250, external cache pipeline 302, and floating point pipeline 300.
Combined pipeline 350 identifies integer pipeline 250 stages by the F, D, A, E,
& W cycle designations, corresponding to the fetch, decode, addressing, execute
and writeback stages. Combined. pipeline 350 includes an S stage that |
represents an extra cycle to issue floating point instructions from F PQ 82.
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external cache menory through f'I oating point unit 14. An address generator
56 provides virtual addresses to DS 54 and will also use data fromregister
file 52 to generate addresses. Data stored in DS 54 only represents a
portion of the total available nenory. There are tines when data needed by
integer unit 12 is unavailable in DS 54. In those instances, integer unit
12 accesses external cache 16 to bring desired data into DS 54. To access
ext er nal Floating peéint idispageh ocains atZS-stayebasedlonn‘emurad@Dnﬂm apdovi ded from
addr ess eegr{gré?td%eg rtlccieghySI cal addresses using a 6 '
Stages designated G, H, I, J, & K, are part of external cache pipeline 302.
Combined pipeline 350 includes an L stage that represents a cycle to write load
data into LDQ 104. |
Stages designated T, R, X Y, Z, U, and V define floating point pipeline 300.
T stage is a T-bus transit stage to allow time for instructions to pass from the
integrated circuit package including integer unit 12 to the integrated circuit
package including FPU 14. A full cycle is allowed for chip crossings throughout
SMU 10, such as for transits to tag memory 18 and to external cache 16 from |
mteger unit 12.
R stage reads FREG 102 as needed. FPU 14 has four execution stages, X
stage, Y stage, Z stage, and U stage. These stages together perform floating
point operations. Some complex operations require several passes through the
execute stages X-Y while a result is iteratively determined. Finally, V stage
- writes to FREG file 102 to complete floating point pipeline 300. As described
above, floating point pipeline 300 includes resources to concurrently operate on
two floating point instructions and two floating point memory instructions per
cycle. | o
118 Dlspatchmg
Fig. 6 is a detailed block dlagram of dlspatch unit 202 shown in F1g 2
Dispatch unit 202 includes a predecoder 400, instruction buffer 74, an integer
dispatch unit 402, a floating point instruction formatting unit 404, a floating
point dispatch unit 406, and FPQ 82. Integer dispatch unit 402, floating point
pre-packaging unit 404 and floating point dispatch unit 406 together make up
dispatch unit 80 shown i in Fig. 1. |
As described earher during fetch stage 252, predecoder 400 reads four

instructions at a time from IS 70. Predecoder 400 examines each instruction

read from IS 70 for general resource requirements and reformats them to a
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transl ati on | ook-aside buffer (TLB) 58. TLB 58 provides both external cache
16 and tag nenory unit 18 with a physical address. Thereafter, external
cache 16 fills DS 54 with the desired data. Integer unit -12 uses '

i nstructions to control data flow and operations. Integer unit 12 includes
an instruction cache (1S) 70,. a branch prediction cache (BS) 72, an

I nstruction buffer 74, a dispatching unit 80 and a fl oating point

i nstruct bonvquenefcﬁrﬁli’&)foﬁs@egmtertﬁcarebmdmgnncbremmmmteﬂoekt dTheppiopri at e
resources, in,an appropriate order, of_ superscalar processing unit 10. 1S
70 st or eBiamdime avadablesatrihis powe in xinstction streens toaRalyze o

coupl ed Ftugtds ARLDRARE SRt rdERBan drlemifuitl T
I nstruct ifhikdnbisHhd (SR HOmAdA! ikt i brier Hetagut of 1S 70,

-1 oads instftuctions
information contained within each instruction. Later, at the decode stage, there

is little time available to do some of these functions.

'Fig. 7 is a representation of a template for a reformatted instruction 450 after
predécdding. Reformatted instruction 450 includes an instruction field 452, a
register destination field 454, a validity field 456, and an opcode category field
458. Instruction field 452 is thirty-two bits wide and is the original instruction.

. Register destination field 254, validity field 456 and opcode category field 458
are the fields that predecoder 400 adds. _

There are thirty-two registers available in reglster file 52, therefore they can
each be uniquely identified by a five bit field. Destination reglster field454is a
five bit field representing the destination register for the instruction in instruction
field 452. The instruction set used for SMU 10 permits the destination register,
V\}hen it is present, to be in a number of different locations in the thirty-two bits

‘making up each instruction. Thus, locating the destination register during
predecoding and putting it in a known location saves much time later. That is
one purpose of destination register field 454, to establish a fixed position for this
important register value. | | .

Valldlty field 456 encodes a number of charactenstlcs that the predecoder
can derive from the instruction. These individual values of the bits in validity
field 456 expedite dispatching in decode stage 254. In the preferred
embodiment, validity field 456 includes eight bit positions. These posmons

‘correspond to: rd valid, instruction valid, int/fp instruction, int and fp
instruction, rs valid, rt valid, predict bit and delay bit.

The rd valid bit is a switch to indicate whether the five bits in the destination
register field 454 are valid for the instruction. Some instructions do not have a
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70 in a desired order. Dispatching unit 80 reads instructions from
instruction buffer 74, checks them verifies that needed hardware resources
are available, and issues the instructions to appropriate functi onal units
of the mcroprocessing unit 10. Dispatching unit 80 routes instructions
destined for floating point unit 14 to floating point queue 82. Di spatching
unit 80 igsues jinteger operations to execution unit 50 and issues nenory
instruct i‘fﬁﬁmﬂﬂoad'ﬁg&@' gEa@h mtegelsmstmx:tmnuoag havemp tonthrea gegistetrsid dse
.fI,oating‘d%omt Lexecution FPX floatln oj nt regi ster file

(FREG) 1 Ugaﬂpaafpgﬁefp%ﬁd:mt éw ﬁe(mé:l}erao n%ﬂhdf fings a ténstaue éo?
t al _operate on at a
Fead f rorREpe R iistel B a3 veBREP AT o SECG poflsté ap e aRRET

Instructions can use either zero, one or two source registers. The rs valid bit in

!

- - validity field 456 indicates whether or not the instruction uses the rs register.
Similarly, the rt valid bit in validity field 456 indicates whether or not the
instruction uses the rt register. In the instruction set for SMU 10, it is not
necessary to extract the rs and rt registers during predecoding as they are easily

~ located. It is the destination register that can appear in a number of positions in
an instruction. | | | _

The instruction valid bit indicates to integer dispatch unit 402 whether the
instruction is valid or not. The mt/ﬁ) instruction valid bit indicates to dlspatch

- unit 402 whether or not the associated instruction is a ﬂoatmg point instruction
or not, while the int and fp valid bit indicates whether or not the associated
instruction is both a floating point instruction and an integer instruction.

Two of the validity bits, the predict bit and the delay bit are used by branch
predictioh logic. They are not defined by predecoder 400 and are not used by
the dlspatch system, therefore they will not be further described herein.
| Five bit opcode category field 458 broadly groups sets of i instructions
together according to particular resource requirements or other factors that
require that dispatch unit 402 process an instruction, or group of instructions,
differently from other instructions. Table I below defmes a set of opcodes for
use in the integer dispatch unit 402.
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FPU 14 does not include any address control structures, so integer unit 12
accesses necessary data from external cache 16 and | oads theminto LDQ 104.
Thereafter, a load instruction to FPU 14 reads appropriate data from LDQ
104 and wites it into FREG 102. Simlarly, stores fromFREG 102 to
external cache 16 go through STQ 106. A store instruction in FPU 14 causes
it to transfer data 7 into STQ 106. Thereafter, integer unit 12 controls
the stores of the data into external. %QEES iG The superscalar nature of
the SMJ 10 contributes to the conpl ex

Cat Opc ?itaP;tfeg? Description
mvefi 00101 nge control register from CoPl to
mvfi 00100 move register from CoPl to int
shift 00001 shift
mul 00011 multiply
nvhl 00010 . |move from/to hi/lo reg
fpcmp . 10101 CoPl1 compare
ssnop 00110 superscalar noop
movnz - 00111 move conditional
|bcedep 01011 branch dependent on cc bits
brbit 01001 branch instruction
mvcecdep| 01010  |move dependent on cc bits
copOst - 11100 CoPl null instruction _
sc - 01100 store conditional
ctel 11101  |move control register to CoPL
|fpmbit 01111 FP load/store instruction
|merge 01110 |Load left/Load right
1dbit 11110 load instructions

In Table L, the Cat Opc is a list of categbries for integer opcodes that were
chosen for the preferred embodiment. Corresponding to the Cat Opc is a bit -
pattern appended to an instruction represented by the particular category in the
instruction's opcode category field 458. The numbers in the parenthese in the bit
pattern headmg represent the bit position numbers, with "0" representing the
low-order bit number and "4" representing the hlgh order bit number. In the
descnptlon above, the CoProcessor refers to in the preferred embodlment the -

floating point unit.

Even though the categories of the opcodes were chosen to group instructions
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I npl ement ati on descri bed previously. As there are a nunber of execution

uni ts and address generation uni'ts available for concurrent operation, the
preferred enbodi nent inplements SMJ 10 with a nulti-pathway pipelined
architecture. For exanple, instruction buffer 74 retrieves four

I nstructions per cycle fromlIS 70. D spatch unit 80 routes up to two nenory
I nstructions to address generation units 56, up to two integer operation

i nst r uct tegethenthathaveisimilan rescwee requitgments; there aregroups ebopcode
Ut S T i e ey TSl A p RS SFARFL T e
o2 pi peprEedt SRSodiH i BlindtHink b EPNRARR DY ile prfilifiiim ™' *0°
control  afshuiitdf dppen@edibikyUeofiings chiractéristiisniat B Shifidatit?o resource
| allocation and that are shared among different categories of opcodes-have
similar bit pafterns. For example, the last six opcode categories all represent
memory-type instructions and therefore, bit positions 2 and 3 are set. Only
- memory-type instructions op code categories will set both bits at positions 2 and
3. Dispatch unit 402 can quickly determine a memory instruction by masking
bits 2 and 3 to see if both of these positions are "1". Similarly, there are three
branch-type opcode categories: beedep, brbit, and mvccdep. These instructions all
have bit positions 2, 3 and 4 matching "010". o
Sorting the instructions into enough different op code categories while
maitaining important inter-relatedness can be difﬁcult using a few number of
bits. Itis undesirable from a cost and speed perspective to needlessly increase a
number of bits appended to each instruction. o
| After predecoding, predecoder 400 enqueues the reformatted and processed
instructions into instruction buffer 74. The four instru_cﬁoné taken out of IS 70
totaled 128 bits, while the four instructions stored into instruction buffer 74 total
200 bits. The extra memory requirements for instruction buffer 74 are _greatly |
offset by the performanée advantages gained durmg decode stage 254 from thé
predecoding. : | '
Fig. 8 is a block diagram of datapath flow 'thro'ugh integer dispatch unit 402
illustrated in Fig. 6. Integer dispatch unit 402 includes five crossbars |
(multiplexers) that receive instructions from instruction buffer 74 (the queue
- register). These crossbars include two integer operation crossbars 470, two
memory crossbars 472, and one branch crossbar 474. |
Of the four instructions presented to dispatch unit 402, integer crossbars 470
select a first two integer operations and issues them down integer pipeline 212—
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Fig. 2 is a block diagramillustrating a set of functional instruction flow
pat hs (plpellnes) in SMJ 10. Items simlarly nunbered to those of Fig. 1
represent the same conponent. After initialization of a system enploying
SMJ 10, integer unit 12 |oads a set of appropriate instructions from
external cache 16 into IS 70 using a data bus 200." Each instruction is
thirty-two bits wide. Integer unit 12 |oads four instructions at one tine
into 1S 10f thenwwe istegeriaperavions Ihedsddwn dntel ﬁgvpamemntﬁeqf nit 202

i ncludes sone predecoding functionality, ins t1 on buffer 747 dispatch

uni t 80, priortyfeitheithep jsobytcanventon untjlefpmﬁmmbemhqdnmnq iseeddowal |

h Fi g atch nit, 202 ves four _instructions at one tine
ivif“a' 3&‘{5 %@fwme laﬁﬁjgefgﬂ diteas tb¢§%ﬁmp@m Ihu$,rqr@sshars1480r issucitate
t
routing, (RRYHREF Briolity ofthe WS infdds roog},a i‘\“orfsr theri tfu(xjtlérgell- Bfﬁerlﬂl% in°"s
g P

per
integer plpel-me 212

- Memory crossbars 472 selects the first two memory operations from the four
presented from instruction buffer 74 and i issues them down memory pipeline
210. Memory crossbars 472 issue a hlgher priority one of the two memory
operations down a left memory pipeline and the other down a right memory
pipeline. | |
| Branch crossbar 474 selects a first branch instruction and issues it to branch
logic. The five crossbars shown in F ig. 8 all operafe concurrently and receive
the four instructions from instruction buffer 74 in parallel. It may be the case
that among the four instructions received from instruction buffer 74, there are
more or less than two integer operations and more or less than two memory
operations, and more or less than one branch instruction. The crossbars will
take less than their maximum if fewer instructions of the appropnate type are
avallable

SMU 10 is a superscalar processor able to execute up to four instructions
each cycle.' However, instructions are always executed and issued in order. To
enforce in-order processing, for every stage in integer pipeline 250, the

| mstructlons in the particular stages have a relative priority. Each instruction has
| appended to it two priority bits representing this relative prlonty

Pnonty is mltlally established by an instruction counter associated with
instruction buffer 74. This instruction counter continually points to the highest
priority instruction among the four instructions presented to dispatch unit 402.

As dispatch unit 402 successfully dispatches instructions into the pipelines, the
instruction counter advances to point to the hlghest priority non-dlspatched
instruction in instruction buffer 74.
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cycle. The addition of the extra bits is part of the predecodi ng operati on.

The instruction dispatching operation always dispatches instructions in

or der. 8 That is, should dispatch unit 202 be unable to dispatch any

particul instruction because of sone reason (those reasons will be further

expl ai ned below), then instructions later in the instruction stream cannot

be di spatched until all earlier instructions have been dispatched. D spatch

‘uni t 202 hdn gperatibry tocselestithe ifirsstwo imteger operatiofis fromtamaong the fotirese

pi pelines include a nenory pipeline 210, an i nteger pipelipne 212, and a_
instructions, integer crossbar responds to the value o% the mstruction counter.

‘To quickly find integer instructions, dispatch unit 402 finds the first two
instructions that are not memory instructions, that are not floating point
instructions, and that are valid. The valid bit and the fp/int validity bits of
validity field 456 of each instruction indicate those instructions that are valid
non-floating point instructions. To further determine whether such an |
instruction is or is not a memory instruction, dispatch unit 402 masks the second
and third bits of the bit pattern in the op code category field of each instruction.

- Aslong as those bits are not both "1", the instruction is not a memory |
instruction. Valid, non-memory, non-floating point instructions are considered
 integer instructions. | |
Selection of memory instructions is simpler. As described aboVe, using the
~ instruction counter, the valid bit in validity field 456, and the result of a mask of
bit positions 2 and 3 in the op code cafegory field 458, dispatch unit 402 qﬁicldy
determines the first two memory instructions. _
Selection of the highest priority branch instruction to route to branch logic

“depends upon the instruction counter, the valid bit in validity field 456, and a
comparison of a mask of bit positions 2, 3 and 4 with "010". An exact match
indicates that the instruction is a branch instruction. An instruction sent to
branch logic also is dispatched to another one of the pipelines.

- Timing is critical in decode stage 254, especially for memory instructions. It
is important that menio_ry instructions get dispatched as soon as possible to -
register file 52 to access information used in address generation in the very next
cycle. Therefore, dispatch unit 402 exposes instructions to the pipelines before
determining or resolving resource contentions. In response to this, dispatch unit

402 is able to issue kill control signals for each instruction. This kill signal will
be asserted for those instructions that should not have been dispatched. The
instruction coﬁnter will only advance to correspond to insw
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floating point pipeline 214. Menory pipeline 210 and integer pipeline 212
each include two i ndependent. pi pelines, while floating point pipeline 214
is four instructions w de, including space for two floating point

oper ati ons

and two floating point nenory operations. Dispatch unit 202

routes nmenory instructions to address generator 56 via nenory pipeline 210,
routes integer operations to execution unit 50, and routes floating point

|nstructdg
instructio

Eﬁt&féd’zﬁﬂ Jtfer Worfls, ﬁ'fép 3bme l’éﬂsdn B8 dndtArdtfshsSsHould 'h%%'mnm? mory.

s to both nemory pipeline 210 for address generation, and to
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upon results of register scoreboarding. Fig. 9 is a schematic representation

illustrating use of a register scoreboard 480 to establish and resolve resource

contention. Register scoreboard 480 is an array illustrating necessary

comparisons to prevent improper access of registers in register file 52. Across

the top of the array are placed five bit values of the two source registers in each

‘of the four instructions, for a total of eight lines across the array.

Down the array are placed five bit values of various registers that dispatch -

unit 402 will use to compare against the values for the source registers arrayed

-across the top. The registers down the array include the four destination register

values from the destination register field 454 of each of the four instructions.

Additionally, register scoreboard 480 uses the values of the destination registers

for the instructions issued in the immediately preceding cycle. These register
values are labelled ardil, ardir, ardml, and ardmr. Instructions dispatched in the
immediately preceding cycle would be in address stage 256. Thus, ardil means the

destination register of the instruction in the left integer pipe located at the

address stage. Similarly ardir is the right integer pipe destination register, while
ardml and ardmr refer to destination register at the address stage of the left and

right memory pipe, respectively.
~ There is also a move instruction that takes data from the FPU 14 and loads it
into a register in reglster file 52. This process can take a long time, therefore the

reglster to receive the data is scoreboard There can be two of these move

- instructions pendmg at any particular time, with mv0 storing the destmatlon

register of the first move instruction and mvl storing the destination regxster of

the second move instruction.

To implement.'register scoreboard 480, there are eight registers for storing
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I ncludes an integer store pipeline 220 coupling an output of DS 54 to

di spatch 202, and an address queue 224 coupl ed between tag nenory unit 18
and external cache 16. Integer store pipeline 222 permts integer unit 12
to update external cache 16 after it does an store operation into DS 54.

I nteger unit 12 packages an integer store instruction and its associ ated
data together in dispatch unit 202. After packaging, integer unit 12

di spat chéwetbie valuesrofithe soussirregdsters identifietiinahe fout, opifewlerninstthétions or der

for FPU 14 to store the data to external cache 16. Appropr| ate addresses to

st ore datlispatche Guulmqneaem decodeanyicle. anao¢1ate&igwuthmaci1 regisierisdber ess
i nst (raugtz ComsspeRdiBznatid bis Hom VeI feld 456 b each iaruction. | Brrare en
registers for holding the five bit values identifying the destination registers of the
four dispatched instructions, the four previously dispatched instructions, and the
~ two move instructions. These registers holding destination register information
also have a vahdlty bit associated with them (taken from the rd valid bit of
validity field 456).

In Fig. 9, comparisons between destination registers and source registers are
made in those instances wherein a circle appears at the intersection of the array.
For example, a comparison is made to see if the destination register for the first
instruction (rd0) is to be used as a source register for instructions 2, 3 or 4. For
register scoreboard 480, up to seventy-two éomparisons of five bit values are
made each cycle. Dispatch unit resolves conflicts by allowing higher priority
instructions to use the register while stalling later instructions requesting access to
a busy resource. To stall a dispatched instruction, dispatch unit 402 issues a kill

- signal corresponding to instructions that it wants to stall. '

- One reason that dispatch unit 402 scoreboards destination registers of
instructions in the integer pipeline at address stage 256 is to guard against an
addtoa reglster followed nnmedlately in the next cycle by a load using that
register for address. Reserving registers to receive a move from FPU 14 ensures
that FPU 14 will not have to wait. It is a design of SMU 10 to not have
functional units wait after completing an operation.

Dispatch unit 402 uses more.information than just the results of register
scoreboard 480 to decide which instructions it should properly dispatch. It is
one goal of dispatching to ensure that instructions are dispatched in order with
resource conflicts cleared. For integer unit 12, the resource limitations include:

B availability of only one multiplier, one shifter, two destination registers for mvﬁi_ '
(move floating point register to integer), no special write port to register file52

R
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9 REPLACEMENT. SHEET address queue 224. Fig. 3 is a block diagram
“illustrating a five stage integer pipeline 250 portion of .the pipeline
structure of SMJ 10, as well as a description of functions perforned at the
i ndi vi dual stages. Advantages of integer pipeline 250 include that it has a
| ow-| at ency between a fetch of -an instruction and its execution, no |oad
del ay slot, sane cycle data forwarding for dependent |oad after store, .and

t he char fortmvifii} and ct'{eonditionscodde)bits beidg basyfop theseecobitsedepeneent ut e
together in the sane cycle. In the preferred enbodi nent, SMJ 10 provi des a
~ processoinstauctions. For example, as only one shift instruction can be dispatched per
cycle, a second shift instruction in a group of four instructions has to wait until
the shifter becomes available. '
Dispatch unit 402 also has a nthber of conditions that kill all integer
dispatch. These conditions include: gﬂsh (queue flush) following a branch
misprediction or excepﬁon, debug mode, floating point queue full, and memory
pipes being in a condition that they are unable to handle more memory operations.
There are also contentions to be resolved for memory instructions. These
‘contentions include: only one read port to DS 54, the write tixhing to DS 54,
only one register write port for integer stores and merge instructions, integer
store, mvitf and mvcitf require a whole entry in FPQ 82 because they carry their
- data along with the instruction, sc goes by itself, and mvecitf goes by itself to
- make cc bit logic simpler as it sets all cc bits in the FPU 14.
‘These integer and memory contentions can further limit instruction
dispatching by dispatch unit 402 so that fewer instructions are actually
dispatched in a cycle than might otherwise be dispatched based solely on results
of register scoreboard 480. o | o .
- Fig. 10isa simplified block diagram of a fetch and dispatch‘ system 500
| according to the preferred embodiment. Four thirty-two bit instructions fetched
into a buffer queue 502. Incoming instructions are naturally aligned on 128-bit
boundaries and outgoing'_ instructions are always contiguous. Instructions
fetched into buffer queue 502 are quadword aligned and come into the top of
buffer queue 502 from an instruction cache (not shown). A dispatch unit 504
controls dispatching of instructions and includes dispatch registers 506 and a
selector circuit 508. A group of on-deck registers 510 couple an output of buffer
queue 502 to dispatch unit 504. | |
The dispatch registers 506 function as traditional "inétructio_n registers"

connected to decoders and register files. The dispatch registers 506 are either
. . -\\
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use in a reduced instruction set conputer (RISC). This RISC archi tecture
affects many of the design and inplenentation described herein. The .
foll owi ng description.of Fig. 3 references conponents illustrated in Fig. 1

and Fig. 2. Integer pipeline 250 includes a fetch stage 252, a decode stage

254, an addressing stage 256, an execute stage 258 and a witeback stage
260. | nteger pipeline 250 includes both nermory pipeline 210 and integer

i nst r uct recirqulated, nefilléd fromtonhdetlaegiste? SH8sor diregly fromtthé dutpatcdf

i nstructio into IS 70 _fromexternal. cache 16 via data bus_200. As

ment | onebugénqt@ue 502 pBugfer quene 502 inehidesasb mss (ppbehwab tprovide a

|8 ana agyertiedy iReBbfE GRfLeliol Zathe Rhts disphlch ¥islats 1 (T at o- i spat chi ng.

The predecqugr 111§ anAi1askatibN SFOPRARTARIIEH ah MéthitdidPqSedd $itth as that
shown in Fig. 10 taken over four cycles. Initially in the first cycle, buffer quene

502, on-deck registers 510 and dispatch registers 504 are filled with instructions
named by letters and ordered to execute in descending alphabetical order. The
instruction pointer initially points to instruction "A". |
In the ﬁrs_f cycle, dispatch logic detérminés_that of the first four potentially

paralle] instructions "A" to "D", only "A" and "B" can execute concurrently. (For
example, "C* could be dependent on "A" therefore it cannot be dispatched. An
inability to dispatch "C" also requires that "D" not be dispatched because the
system does in-order dispatching.

- Thereafter, in the second cycle, s1gnals from the dlspatch logic advance "E"

- and "F" from on-deck registers 510 to dispatch registers 504 and hold "C" and
"D". Instruction counter points to "C" as the highest priority instruction, with
priorities assigned to "D" to "F" starting at "C". In the second cycle, instructions
"C" to "E" are dispatched with "F" holding. | -

. ‘Thereafier, in the third cycle, iﬁ_structions "G" and "H" are moved from on
deck register 510 into dispatch register 504. However, "I" is accessed directly
from buffer queue 502. The depletion of all instructions from on-deck register
510 triggers advancement of buffer qucue' 502 and a fetch of additional
instructions. Advancement did not occur until the fourth cycle, yet dispatch
register 504 was properly filled di_rectly from buffer queue 502. This direct
connection illustrates how the fetch pipeline is decoupled from the diépatch
decision logic. The dispatch logic need only manipulate selectors 508 feeding
each of the dispatch' registers. |

- Thereafier, in the fourth cycle, the buffer ¢ queue 502 advancement and the
filling of dlspatch registers 504 are s1mu1taneous achieving continuous
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instruction buffer 74. Fetch stage 252 al so perfornms some branch
prediction. Branch prediction occurs in fetch stage 252 with one branch
predi ction per guadword. Decode stage 254 accesses instructions from

i nstruction buffer 74 and decodes themto determ ne the type of _
~instructions they are. Since SMU 10 can process up to four instructions.per
cycle, it is inportant to define a nechanismto identify relative order

among i ngligumentdtee imstaictionydispatching (no rtealigmentofinstivetions lin source202
scoreboardg th instructions to match avail abl e - resources to requirenents
of the iﬁ%&? E‘?‘?‘Sﬂ Di spatch unit 202 dispatches only those

The following description refers again to Fi ig. 6. At the end of decode stage '
254, up to two integer instructions go to the integer pipelines, and up to two
_ inemory instructions go to the memory pipelines. Floating point instructions are
- not scoreboarded or processed in dispatch stage 254, they just flow through
‘intéger dispatch unit 402 to ﬂoatihg point _instruction processing unit 404.
- During address stage 256, floating point instructions are again reformatted
conveniently for floating point dispatch. -

Fig. 12 is a representation of a template for a reformatted floating point
operation instruction 550 and a template for a reformatted floating point
memory operation 552 after refofmatting. Reformatting of floating point
instructions results in instructions thirty-seven bits wide.

During execute stage 258, the reformatted ﬂdating point instructions are
rotated in source order. The_reaﬂer, quadwords that contain instructions relevant
to ﬂdating point issue are written to FPQ 82. Floating point dispatch unit 406
controls dispatching of fp relevant instructions according to resource contention
and register séoreboardjng similar to dispatching in decode sfage 254. Note that
only a portion of the reformatted instruction are actually sent out on to the T-bus
linking integer unit 12 to FPU 14. As shown in Fig. 12, twenty-nine bits of
reformatted floating pomt operatxon instruction 550 are sent to the T-bus, whlle
only nine bits of reformatted floating point memory instruction 552 are sentto
the T-bus. - | |

Table I shows floating point opcodes andl the associated four-bit value
representing that opcode category. There are fewer categones SO ﬂoatmg point
dlspatch (S cycle or FD stage) operations require only a four-bit tag. Again, the
categories emphasize the different resource requirements. Two broad
s_ub-claSSes are illustrated in Table II: floating point memory instructions and |
floating point execution instructio_ns.-" The higher bit of the opcode identifies the
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10 instructions whosé resources are available. In the decode stage,
register file 52 is accessed by nenory instructions to retrieve an address
regi ster specifier. Decode stage 254 deternines relative priority anong

i nstructions by reading the program counter pointing to the next
instruction to be executed. Upon dispatching an instruction, dispatch unit
202 ‘associates the instructions relative priority with a control wor d

- di spat chegbolagsh Ad0Y inrbsit positionr3 indicatesametharytingzuction while @sént
i nvention that instruction reallgnnent t 0. source code order in the

|nstructunhcﬁmwﬁkﬂoaﬁnmpﬁﬂK666§ IS pat ching | ess than a quadword

10 gener at DR HiTHEY é?ﬁszﬁaiw&édlﬁﬁafsi@%@%sﬂm139"‘5 s generstor =8

scoreboardmg the floating point execution instructions. The different opcodes of

the floating point execution instructions highlight latency differences among

them. That is what long in the opcode seétion of Table II below referenced by

the "1000" bit pattern; instructions in this category take many cycles to

“complete. Although FPU 14 includes two symmetric pipelines for execution, the
different latencies of these mstructlo_ns makes scoreboarding much more complex.

TABLE II
- OPCODE CATEGORY Bs a1 oy | . DESCRIPTION
fp load - 0100 fp mem instruction
fp store | o101 fp mem instruction
int store ' 0001 fp mem instruction
move from fpr ' . 0010 '|fp mem instruction
move from ctl (control)| - 0011 fp mem instruction
move to fpr o110 - |fp mem instruction
Imove to ctl 0111 fp mem instruction
long : 1000 fp ex instruction
reg copl . _ 1010 fp ex instruction
short ' : 11100 fp ex instruction
move 1101  |fp ex instruction
comp ' 1110 |fp ex instruction
|rég copl X 1011 . |fp ex instruction
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Execute stage 258 includes a |arge nunber -of activities. Execution unit 50
conpletes all integer arithnetic logic unit (LALU) operations in except

mul tiplies and divides (which take nmany cycles) nultiply and div, and al
shift, operations in this one cycle nultiply and divide operations are
committed during the execute stage. Execution unit 50 |oads data from DS 54

I nto regi st file 52 during execute_ stage 258 Addltlonall I nteger unit
12 resol ves%rbg iiiﬁe%sc hematic diagnam illustraiing dis pa Ml:fllﬂ toperfoain

e, d
concl e THEBD PALAY oporabon’ Redis@h Tuf re add‘séq% sensrationand LB °"
SUCCGSSlebokﬁPBﬁ#ﬁ%grﬂﬁs%r fHlcectinit 12 49 lﬂaﬁueg iff SRcHlIasy G0E 60 T, u' tsin

that instruct orm ng necessary wite Int

Qper at i orextenmhl caght pip aineeﬁmton@roﬁiageﬁém@fy hEcS M GSHARTAces zﬂ'éa' ify
conditions when this wite into register .
included in a global cache (GS) access unit 602. GS access unit 602 provides
read data to both LDQ 104 and FPR 102. Additionally, GS access unit 602 -
asserts an enqueue signal to LDQ 104 when data is available from GS 16. |
Integer unit 12 also includes a load q_uéué counter (LDQ counter) 604. LQQ

counter 604 fesponds to an incren_len_t'signal from GS access unit 602 that

indicates when there is a hit in GS tag memory. LDQ counter 604 provides an
output to FP dispatch unit 406. The output has three states: zefo, one, or>=2,

The floating point load instruction begins at the IS IU dispatch unit 402.
Integer dispatch unit 402 issues this instruction to both the integer pipeline
(address unit 600) and to the floating point pipeline (FP dispatch unit 406).
Address unit 600 generates a virtual address and translates it into a physical
address. Address unit 600 provides this physical address to GS access unit 602.

When GS access unit detects a GS tag hit, integer unit 12 knows that
corresponding data will be available so it asserts the increment signal to LDQ
counter 604, incrementing it to a value of one. GS access unit 602 writes the
data into LDQ 104 when it is available by asserting the enqueue signal to LDQ
104, | | B | o
. FP dispatch unit 406 holds the floating point load instruction in FPQ 82
during the address generation and data access cycles. When LDQ counter 604
indicates that data for the ﬂoatmg point load operation is available in LDQ 104,
FpP dlspatch unit 406 dispatches the mstructlon over the T-bus to F PU 14. FPU
14 reads the data from LDQ 104 and writes it into FPR 102.

Fig. 14isa schematic diagram illustrating dispatching in SMU 10 to perform
‘a floating point store operation. Integer unit 12 includes a store address
generation unit 610 that includes register file 52, address generators 56, TLB 58
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file 52 can occur. A mmlte into register file 52 is i rreversibl e.

Therefore, integer unit 12 allows wites only if an i nstruction executed
"properly and no instruction with a higher priority (that is, an i nstruction
that precedes it in the instruction stream generated any type of exception
that was detected during execute stage 258. A nore detailed description of
exception processing and resol ution is provided bel ow 11 Fig. 4is a

bl ock di grhBS taghealidity datan Actorepdatagjueirccountert(SRQmounten)iGld i ne 300
POrton onyically inpiented as two counters - a SDQ counter for eve addresses |-
(SDQE counter 612a) and a SDQ counter for odd addresses (SDQO counter
612b) for detenmmn_g a status of STQ 106 on FPU 14. SDQ counters respond
to increment signals from FP dispatch unit 406 to increment their stored 'v'alues
FP dispatch unit 406 receives a signal from store address generatlon unit 610 to
indicate to which bank a store will be made. o
_-The floating point store instruction begins at IS integer dispatch unit 402:
Dispatch unit 402 dispatches the floating point store instruction to both store
address generation unit 610 and to FP dispatch unit 406. Store address
generation unit 610 receives the floating point store instruction and any address
source reglster specifier. FP dxspatch unit 406 receives a data source register
specifier. | '

Store address generation unit 610 detennfnes a virtual address and translates

it into a physical address. DS 54 includes a tag memory and valid memory (not
shown) that are checked to ensure consistency between DS and GS. Store - |
address generation unit 610 provides a physical address to GS tag 18 and
asserts an even/odd bank signal (as appropriate) to FP dispatch unit 406.

A hit in GS tag 18 enqueues the store address in store address queue 224.
External cache control logic 614 checks a status of the appropriate SDQ counter
612 to determine whether data is available in STQ 106 on FPU 14.

FP dlspatch unit 406 does not issue the ﬂoatmg point store msu'uctlon until
normal instruction and resource dependencies perm1t dispatch of the instruction.
Upon receiving the store instruction, FPU 14 reads data from FPR 102 and
énqueues it in STQ 106. STQ counter 612 is incremented to indicate that data is
available in STQ 106. Thereafter, when an entry in SDQ 106 matches an entry .
in address queue 224 the external cache control logic 614 dequeues the data
and is sent to external cache 16.

IV. Pipeline Refill and Exception Processmg
eplaced
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description of Fig. 4 is nade with respect to conponents illustrated in

Fig. ‘2. As described earlier, integer unit 12 provides addressing control

. information to external cache 16 to access data for floating point unit 14.
This nmeans that floating point |oad and store instructions pass through -

i nteger pipeline 250, specifically nenory pipeline 210, to TLB 58 to

produce a physical address in external cache 16 of the needed data.

Dat apat hs f Thewdesériptionabovealesatibed the pielinespérhtion fin @mlﬁ?efme@hnm he 16
to LDQ 104  form.,an external cache pipeline 302 shown in Fi Ext er nal
cache pi pdionesation with insteections being opatinvally rfetchedpdmmlecganéaxmutndnt to

dwi_dt h t h s interl eaved. - Even addregses are
:gg;? \elg me&eyféiﬂr??tn%ﬁﬁl% g@ﬁ&&qsgﬁlaggn%éiur% ?@rﬁﬁﬁn&’é‘(ﬂm e re | ocated

ina Sec%ﬁam ssti | F?éﬁ’ c%t%oe' & dﬂcﬁh{ﬁﬁiﬁj’ ifl'ofeffifont BFQ fABefiie" 129

menory 1
‘Generically, these s1tuatlons are referred-to in the preferred embodlment as

‘exceptions, meaning that their execution causes, or caused, SMU 10 to operate
the pipelines in a special fashion. |

The methodology employed by SMU 10 to handle exceptions is called
exception processing. In the preferred embodiment, SMU 10 expands the
concept of exception processing to cover events and situations not classically
defined as exceptions and provides a universal system for handling all types of-
events. Exception processing logic coupled to virtually all of the functional units
of SMU 10 monitor and control exception processing. |

SMU 10 not only includes traditional integer unit exceptions among the class
of exceptions it processes, but includes data cache misses, TLB exceptions,
floating point instruction exceptions, branch misprediction, system calls and
returns from exception processing among the class of recognizable exception
situations. SMU 10 provides a common exceptlon handlmg paradigm for the
exceptions.

The exception handling process is complex due to the superscalar nature of
SMU 10. In the preferred embodlment, SMU 10 handles all exceptions in
execute stage 258. Itis necessary to detect exceptions prior to writeback stage
260 because writes into register file 52 are irreversible. SMU 10 also resolves
all exceptions related to higher priority instructions that precede a floating pomt
instruction prior to dispatching that floating point instruction into FPQ 82.

“Another factor adding to complexity of the exception processmg system
mcludes the use by SMU 10 of a contmually advancing pipeline. The pipelines

~ of SMU 10 never stop, but advance mstructlons each cycle. Due to the speed of
the pipelines, the short amount of time :avallable after exceptions are detected
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External cache pipeline 302 produces data for FPU 14 by |oading the data
into LDQ 104. Due to the interleaving of external cache 16, LDQ 104 is
divided into an even LDQ (LDQE) 104a and an odd LDQ (LDQO) 104b. Integer
unit 12 includes an address bellows 304 whose operation is explained in a
rel ated patent application entitled CONFLICT RESOLUTI ON | N | NTERLEAVED :
MEMORY SYSTEM W TH MULTI PLE PARALLEL ACCESSES filed December 15, 1993. The

addr ess Wrmgfﬂxe?@ééwwmgeqssehﬁdrtheme@hxp@w hahitip thef pipetinednche 302

when two instructions arrive fromint eger pl(gel i ne 250 that need to proceed
down t he issning stoeinstruchionsitp alli parts ofiMs1 butaubddbeimpraeticalol d one of the
al l ow the hi.gher priqrity one.,to proceed, and

instructio e the held
i nstructi oﬂﬁ?%@tthé%ﬂéom’hrﬁWSﬁﬂoﬁ |P§9P‘Fﬁ$é“82§®escﬁ)§§ecﬁ§q mﬂdﬁg E'.
| nstructispdSidg poink ithifctiills, thélidcoupling of the high latency of external cache
pipeline 302 from integer pipeline 250 results in SMU 10 employmg an
imprecise exception proceésing model for floating point instructions.

The precise model requires that SMU 10 idehtify precisely an instruction that -
causes an exception. SMU 10 emplo'ys a program counter at éxecuté stage 258,

- and uses priority bits appended to each instruction, to identify a particular
‘instruction causing the exception. The two bit priority code appended to each
instruction indicates relative priority among instructions in the same sfage of the
pﬁkﬂhu; | | - | -

The priority bits also perform a second function. When an e_xception oceurs, -
SMU 10 allows all instructions having a priority highef than the instruction
causing the 'exception to complete, and cancels the exception 'causing instruction,
as well as all lower priority instructions. | -

Not only is the exception instruction, as well as lower priority instructions,
tagged to prevent them from adv'_anéing to the next stage and changing the stage
of any memory locations, effects of these canceled instructions that occurred
during execute stage 258 must be canceled. |

One particular operation that is more difficult than the others to cancel is a
store to DS 54. During execute stage 258, after an instruction stores to DS 54'

an instruction with a higher priority can generate an exception. In this case, the
_store to DS 54 needs to be canceled.

To further. explain the cancellation procedure, some additionai details
regarding DS operation are described. DS 54 is a direct mapped cache stbring |
16KB of data with 32 byte lines. DS 54 includes a tag memory and a validity

- bit memory. There is one validity bit associated with each word in DS 54. The
validity bit of DS 54 was described with respect to the spli_t-level cache. SMU
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hi gher order instructions execute and any exception or dependenci es are
resol ved. Once an instruction is sent into FPQ 82, those instructions are
committed. Therefore, instructions are not enqueued into FPQ 82 until 12
writeback stage 260. SMJ 10 uses a split-level cache structure as descri bed
in the incorporated patent application entitled SPLIT LEVEL CACHE fil ed
Decenmber 15, 1993. The use of five-stage external cache 302 present ed

apr obl em Houses this samepailidityi bitto assisbnsthextaneelatién ofar DS stptesnent at i ons
could pr evegivrﬁ i6a v?igglsnsto%s o the data area of DS 54 before it is known whether
there is a hit in tag memory of DS, and what is being overwritten. In the case
 that there is a DS tag miss, the exception processing logic will treat the miss as
an exception and process it as described below. .

In the case that an exception occurs from a higher pnonty mstructlon the
exception processmg logic must cancel the store, even if there was a DS tag hit..
To correct tlle DS wﬁte the exception processing logic clears the validity bit
associated with the stored data word thereby invalidity the data. It no longer
matters what data was stored in that storage location prior to the out-of order
store. A subsequent attempt to read from that location will generate a DS miss;
causing the 1ocation to be read from external cache 16 (and 'generate an
exception). A subsequent write to that location will store its data and set the
associated validity bit, marking the data as valid.

~ After an exception, dispatch unit 202 flushes integer pipeline 250 for two to
three cycles. Durmg the time that the ﬂushmg occurs, the exceptlon processmg
logic is able to review what, if anythmg, happened to DS 54, and to make any
needed corrections at that time.

The following is a descnptlon of the different types of exceptlons aswellasa
descnptlon of steps for handling those instructions. The exceptlons are dealt
with in order: integer unit exceptions, TLB exceptions, FPU 14 execution unit

_exceptions, IS miss, and DS tag miss. | |

Integer unit exceptions typically occur in integer unit 50, such as an overflow.
Upon detecting the exception, SMU 10 immediatély initiates excéption |
processmg The first step identifies which instruction among the four possible
instructions in execute stage 258 caused the exception. Identification of this
instruction results when the _ﬁmctlonal unit that detects the exception reports the
two-bit priority code from the associated instruction. The réport is made to the
exception processing logic. |
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floating point instruction for five cycles (or up to twenty instructions)
followwng a floating point |oad. Decoupling FPU 14 frominteger pipeline
250 hides the five cycle |latency of external cache pipeline 302. FPQ 82 is
i npl emented as a first-in, first-out (FIFO queue. - Therefore, a floating
.point instruction that uses a result of a floating point |load instruction .
can imedi ately follow the floating point [oad instruction in_ FPQ 82.

Di spat ch unin tigneaserawhen ghenecare mvaltiple instsucsions in exeentecsiage 2582it is
Thereafter, integer pipeline 250 is jmediately free to.gontinue .on to

ot her | napassihle dhat mork thamoné SIUSHORFALISES 8B EXSCDHPB NG RISESSIB el | ne

210 10, 480 hobA e RS st bGP Bal e shiol BB thpe £, 102 104
;‘ 't O?ts ' pgaagéyaeﬁgiﬁgqa&rheﬁéﬁ,%ldwy alGiihsirictidiRQvith HBHer Pribfity @ chfiiglédee, When.
' and cancels the exception instruction and all lower priority instructions.

To cancel an instruction, it is only necessary to inhibit that ihstruction from
making an irreversible change to any mefnory location. Therefore, the exception
processing logic disables canceled instructions from writing into the register
files. To disable an instruction from writing into the register file, the éxception |
processing logic clears a validity bit of the instruction (i.e., mvalidates the
instruction). | |

The register file will not be changed in response to an instruction having a
cleared validity bit. This validity bit is different from the instruction valid bitin

- the validity field appended to each instruction during the fetch stage. Itisa
one-bit code associated with each instruction to indicate its validity to the stages
of SMU 10 (i.e., whether any particular stage can process the instruction).
Because the pipeline continues to advance each cycle, an instruction that is not
selected by a subsequent stage gets overwritten and disappears from the pipeline.

Not only does the exception processing logic prevent writes into the integer
register ﬁlé, it prevents the exception instruction and all lower priority |
instructions from being written into FPQ 82, and from entering external cache
pipeline 302. Additiohally, the exception processing logic sends a 'sighal to
dispatch unit 202 indicating the existence of an exception condition. Dispatch
unit 202 stops dispatching all instructions until notified that it can start again.

There is a program counter associated with execute stage 258 that determines
the program code number for the exception instruction by using the reported
priority code and adding that numbser to the program c'ourllte'r.. This program
code number for the exception instruction is an exceptjdn program counter
(EPC). The EPC is sent to the logic that controls instruction buffer 74 and

sl .
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conpute instructi.on waits behind the .floating point instruction in FPQ 82
until the load data is |loaded into FREG file 102. The decoupling of the FPU
14 can result in out of order execution of floating point-instructions with
respect. to integer instructions. The |atency of external cache pipeline 304
is hidden frominteger pipeline 250 by not requiring in order "execution of
floating point instructions and integer instructions. Fig 5 is.a flowchart
i || ust r atinsiguetion nach&aOp|Ipmmmb0?fenc7l4utd\f@ccmf§gn$hwtmn cauntes 6o

ext ernal cache pi.peline 302, and ro el ine 300. Conbi ned
b1 pel | ne PRt tasiie PYeeptiondnbyurtion a8 theaesLgslushol

and e t ebaltk e e S FRERE PRy 1 Eé’séﬂfcq"d%ézggﬁtc@gg?ﬁﬁ“{*ﬂ"% resute

r epr esentffomarPékédptioFhandling GB810r ih GRS procais ﬂi%sé){deﬁhbﬁnfoﬁé@thd:PQ 82.

instructions from the exception handling vector are fetched and ready for

dispatch, dispatch unit 202 resumes dispatching to process the exception.
Completion of the exception handling process, an exception condi_tion in its own
right, resumes "normal" operatiori of SMU 10. For some types of exceptions,
processing will resume with the exception instruction, while for others, SMU 10 |
- processes a completely different set of instructions. Thus, the integer execution
unit instruction exception is handled by canceling effects of the instruction and
subsequent instructions, dispatching and executing exception handling vector
instructions, and resuming operation. o ' |

The exceptlon processing loglc handles TLB exceptions in much the same .
way. A TLB exception occurs when TLB 58 is unable to lookup a phys1cal
address corresponding to a virtual address generated by address generat_or 56.
SMU 10 can still determine the physiéal address, but it will require a few cycles
to do so. In response to the TLB exception, the exception processing logic
identifies the instruction caﬁsing the TLB exception as the exbeption instruction.
.It, and any lower priority ihstfucti_ons, are canceled with higher priority |
instructions committed and allowed to complete.

The EPC reported to instruction buffer 74 points to the instruction causing
the TLB exception. While there is no error, per se, in the case of the TLB
exception, TLB refills are handled by a software routine. When refill is

- complete, program execution resumes back where the TLB exception was taken
see apphcatlon entitied VARIABLE PAGE SIZE TRANSLATION
LOOKASIDE BUFFER filed December 15, 1993 The instruction counter S1mp1y
points to the instruction on causing the TLB exception, causing dispatch unit
202 to try and dispatch it. Until TLB 58 is ready, the instruction counter will

by the F, D, A E, & W
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13 Fl oating point dispatch occurs at S-stage, based on resource conflicts
and regi ster dependencies. Stages designated GH, |, J, & K, are part of
external cache pipeline 302. Conbi ned pipeline 350 includes an L stage that
represents a cycle to wite |load data into LDQ 104. Stages designated T, R
X, Y, Z, U and V define floating point pipeline 300. T stage is a T-bus
transit stage to allow time for instructions to pass fromthe integrated

ci reuit prmtlmqvae i cansiny dispatdlegeit 202i to continuallydispétehithe enftniction.t As
soon as the physical address is avallable, normal operation resumes. '

- The exception processing logic handles floating point execution exceptions
similarly to the way it handles integer unit execution exceptions, with one
caveat. As mentioned, SUM 10 employs an i'mprecise exception model for
floating point instructions. Therefore, when an exception occurs, the program
counter does not point to the instruction generating the exception. Therefore, to

- process the floating point instruction exception, the eXception processing logic
reports the current value of the program counter and the type of exception.
All instructions are canceled, dispatch unit 202 flushes integer pipeline 250,
and IS 70 fetches appropriate_ instructions from an error handling vector
- appropriate to the type of instruction. The error handling routine must deal with
the lack of information regarding the precise instruction generating the floating
- poi'nt error. A floating point exception tjlpically terminates program execution
and finishes with an error code, though particular functionality is dependent _.
upon the software exception handler. ,
 For IS misses and DS misses no error has occurred but these are haﬁdled the
same way as an exception would be handlei i.e., the pipeline is flushed and
~ new instructions are fetched. On an IS miss the instruction fetching is held up
until the new IS line can be brought in, then instruction dispatching is resumed.
On a DS miss, instruction fetching is immediately resumed at the instruction .
‘that caused the DS miss, but dispatching is held up untll the new DS line can be
brought in. |
Advantages of the present systein derive from the system's ability to quickly
(within one cycle) resolve exceptions, precisely identify the particular exception
instruction, and allow higher priority instructions to complete. Consider the

instruction stream shown in Table III below:

heet Has Been Replaced
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package including FPU 14. A full cycle is allowed for chip crossings

t hroughout SMJ 10, such as for transits to tag nenory 18 and to external
cache 16 frominteger unit 12. R stage reads FREG 102 as needed. FPU 14 has
four execution stages, X stage, Y stage, Z stage, and U stage. These stages
together performfloating point operations. Sone conplex operations require
several - passes through the execute stages X-Y while a result is iteratively
determ ned. Finally, V stage wites to FREGfile 102 to conplete floating
poi nt pipeline 300. As described above, floating point pipeline 300

I ncl udes resources to-concurrently operate on two floating point

I nstructions and two floating'pointTEEnDrflinstructions per cycle. I11I.

Di spat chi ng TABLE 111
[ instr. order | Instruction | Exception?
1 _ADD . NO
2 ~AaDD |~ NO.
3 LOAD - NO
4 LOAD YES
5 ADD ?2??
6 ADD _ 2?7
7 LOAD C 22?2

"I’he ufstructions are ordered with the highest priority at the top. Disi)atch

- unit 202 issues the first four instructions. - In the cou_rsé of executing instruction
flumber. four, a DS 54 miss occurs. The exception processing ldgic permits
fnst-ructlons one, two and three to complete. Afier handling the DS misé of
instruction four, dispatch unit dispatches'insh'tl: .

ctions four, five, six seven, NOT

V. Conclusion

In conclusi L ion 1 '
. 1'1319n, the present invention provides a simple, efficient solution to a
problem of Instruction dispatch and exception. processing in

. struetic a superscalar
multiprocessor. While the above is a complete description o .

fthe preferred

embodim ] ion I
diments of thc mvention, various alternatives, modifications, and

eqt:::l;ents may be_ used. For example, the reference herein to the preferred
em ! i int |

ment’s use of a floating-point coprocessor should not limit the claimed
34 | |
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Fig. 6 is a detailed block diagram of dispatch unit 202 shown in Fig. 2.

- Dispatch unit 202 includes a predecoder 400, instruction buffer 74, an

i nteger dispatch unit 402, a floating point instruction formatting unit .
404, a floating point dlspatch unit 406, and FPQ 82. Integer dispatch unit
402, floating point pre-packaging unit 404, and floating point dispatch
uni't 406 together nmake up dispatch unit 80 shown i.np .Fig. 1. As described
ear | i er, irfemition fosushilfitaee t9pe ofivopresssder. AROvekk Ktiowmin theat, other ons _at

atine fromIS 70.7 Predecoder 400 exani nes each instruction read fromI|S 70

for genecaprocessar types aneiavailables Some oéthe featingpeint specific design
elements could be replaced by specific design features customized to another
COprocessbr-type. Therefore, the above description should not be taken as
Iixniting the scope of the invention which is defined by the appended claims.

L.
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11 convenient format for register scoreboarding and resource interl ock.
There is nore tinme available at this point in the instruction streamto
anal yze the instructions and to nake sone prelimnary deterninations as to
resource requirenments and to search the individual instructions in order to

extract Wﬁed within each instruction. Later, at the decode
stage, t avai | abl e to. do sone of these funct’i ons. Fig. 7
is a represﬂ‘“‘ﬁ“ﬂ‘@ \g‘ | ate CABMSformatted. i nstruction 450 after
pr edecodi ng s

instruction 450 includes-an instruction field 452,
a register destlnatlon field 454, a valldlty field 456, and an opcode

cRLesory 11 AR ot R el BhobBatR e AR S Ry
456 and qReieri6R'dRe8aY stdg’! fOIlbvwing an instruction fetch stage, comprising the
' steps of’ |
predecoding a fetched instruction prior to said fetched instruction being
advanced to the instruction decode stage by appending a first field and a second
field to said fetched instruction wherein said first field includes resource
information extracted from said fetched instruction and said second field
includes a resource categoﬁZaﬁon field identifying a class of resources used by
instructions of a type similar to said fetched instructioxi; and thereafter
dispatching said fetched instruction after advancing it to the instruction
decode stage to produce a decoded instruction,
said dispatching step using said first field and said second field to route said

~ decoded instruction to a functional unit for processing.

2. A method for checking for a register contention between a first instruction |
and a second instruction concurrently cycled into a decode stage of a pipe'line'of.
a superscalar microprocessor having a plurality of g_eheral purpose registefs,
comprising the steps of: |

predecoding the first instruction pridr to the decode stage by extracting a first
destination register information field from the first instruction located at a first
relatlve location in the first instruction and appending said first destmatlon
reglster mformatlon field to the first instruction at a predetermmed location

~ relative to the first instruction; _ |

predecoding the second instruction prior to the decode stage by extracting a
seCond_destihation register information field from the second instruction located
at a second relative location different from said first relative location and

appending said second destination 'fégister information field to the second

Sheet Has Been Replaced
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are the fields that predecoder 400 adds. There are thirty- twd regi sters
available in register file 52, thereforethey can-each be uni quely

identified by a five bit field. Dest(““ulwll lm"mm“l«' eld 454 is a five
bit field representing the destinati e instruction in
instruction field 452. The instruction sét bsel fbr smu 10 permts the
destination register, when it is present, to be in a nhunber of different

| ocat i onsnitruttien absaidypredetdrtinedidcativn relsiverto st secohd dnstrilbtion; amd at i ng

the destination register during predecoding and putting it in a known
| ocat i on themeadterruch ti me Iater That is one purpose of destination register

field 454, to establis ed p03|t on for this |np tant r er val ue.
Validity f i extgaciing,atdhe é ¢ §tagss a WEW@G?@S!S&WB E’%@%@!@coder

\c/glnl g?{ ;\iﬁefffrgmﬁs%ckﬂ?l“um i on. These i ndi vi du_al val ues of the bits in

extracting, at the decode stage, a second source register information field -
from the second mstructlon and thereafter .

comparing sa1d first register destmatlon information ﬁeld w1th said second
source register information field; and | -

_compariné said second register destination information field with said first -

source register information field.

3. A method for dispatching integer instructions and floating point instructions
ina sﬁperscalaf, multichip microprocessor 'havihg an integer functional unit and
- a floating point functional unit, the microprocessor including an _instrubtion fetch
stage, followed by. an instruction decode stage, and a subsequent stage after the
.. instruction decode stage, comprising the steps of: |
(é) fetching an integer instruction; |
" (b) fetching a floating point instruction; and thereafter .

(c) predecoding said integer instruction prior to said integer instruction being
advanced to the instruction decode stage by appending an identification field to
said integer instruction wherein a first value in said identification field includes
information identifying said integer instruction as an integer-type instruction;

(d) predecoding said floating point instruction prior to said floating point
instmction being advanced to the instruction decode stzige by appending an
identification field to said floating point instruction wherein a second value in
said identification field includes information identifying said floating point

- instruction as an floating point-type instruction; and thereafter

(e) dispatching only integer-type instructions in the instruction decode stage;

and thereafter . //
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field 456 expedite dispatching in decode stage%ult\he_&?j;e\”eed

enbodi ment, validity field 456 includes eight 'bi

positions correspond to: rd valid, instruction v m ﬂ#m l{urw uction, -
bit. The

int and fp instruction, rs valid, rt valid, prediet
rd valid bit is a switch to indicate whether the five bits in the
destination register field 454 are valid for the instruction. Some

i nstructior(f) dis hing/ﬂoatm% pbinteypei instructionsin tiésubsEquént stagger

i nstruction can ve up to three registers: the destination reglster and up
to two source registers. SMJ 10 defines a first

4. An exception processing method for a superscalar microprocessor having a
five-stage pipeline including, in order, a fetch stage, a decode stage, an address
stage, an execute stage, and a register writeback stage wrltmg data into a general
_ 'purpose register file, comprising the steps of: |
dispatching concurrently a plurality of instructions to functional units of the
“ superscalar microprocessor for concurrent execution in the execution stage, each
of said plurality of instructions having an associated execution priority level
different from other instructions in said plurality of instructions; and_thefeaﬁer
'detécting an exception condition caused by execution of a partica_lar one of .
said plurality of instructions in the execute stage; and thereafter
determining which of said plurality of instructions is said particular one
instruction;
determining said associated priority level of said particular one instruction;
- and thereafter ' |
completing any of said plurality of instructions having an associated priority
level greater than said associated priority including authorization of said higher
priority level instructions to write into the general purpose register file in the
immediately subsequent register writeback stage while canceling said particular
one instruction and all instructions having said associated pﬁority level lower
than said associated priority level of said particular one instruction with the
canceling including inhibition of writes to the general purpose registers in the
immediately subsequent register writeback stage.

5. A method for providing resource identification tags that identify resource.
requirements of an instruction in an instruction set to a dispatching unit of a
| MiCTOprocessor, cOmprisihg the steps _of: |
specifying a plurality of resource classes of resource allocation limitations of

8 -
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source register as an rs register and a second register as an rt register. -
I nstructions can use either zero, one or tw source registers. The rs valid
bit in validity field 456 indicates whether or not the instruction uses the
rs register. Simlarly, the rt valid hit in validity field 456 indicates,
whet her or not the instruction uses the rt register. In the instruction set
for SMJ 10, it is not necessary to extract the-rs and rt registers during

pr edecodlﬂwnaem}tmxcemm thatsaﬂemnhuwlyeekcluswes:ﬁdaehdmhen nation regist er t hat
can appear in a, nunber _of sitions_in an ipstructjon. The instructi
valid bit |mp§mtmg each mggétlouuqf ¢ dnstigtionsset Witk @RcaPRIRpTIale ORE Of on i s

valid or F& ﬁ ﬁ |nst uction valid bit indicates to dispatch unit
402 whet §8 Bpnﬂ e §§’|nstruct|on is a floating point

| nstruct | O“id%(ij;tﬂ’ﬁhg d"fésbﬁréé‘?et'f&i’ a¥atdt bie Al £'sdtiond St 6284w prlapiligrofr ot

t he associ ate :
resource classes sharing a common dispatching characteristic; and

assigning a unique binary value to each of said plurality of resource classes,
wherein said binary values of said first one resource class and said second one
resource class share a mask pattern identifying said resource set wherein only -

instructions in said resource set include said mask pattern.

—
//II/I///III/////I/I//7i7w
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‘instruction is both a floating point instruction and an integer

instruction. Two of the validity bits, the predict bit and the delay bit
are used by branch prediction logic. They are not defined by predecoder 400
and are not used by the dispatch system therefore they will not be further
descri bed herein. Five bit opcode category field 458 broadly groups sets of
i nstructions together according t gsfRacqul ar resource requirenents or
other factors that require that di'spatch unit 402 process an instruction,

or group of instructions, differently fromother instructions. Table |

bel ow def ifypF i A MRREAIRTCE S50R'SENS TRUCFI AN EOREL IS PARCIUBING 402,

INSTRUCTION DISPATCHING AND KILL CONTROL

 An apparatus and method for providing a fast and efficient plpelme ina
superscalar microprocessor having a multiple implementation is provided. The
pipeline of the present invention quickly matches instructions to be dispatched in

~ a pipeline with available resources. Exceptions occurring in the pipeline are
processed efficiently, all in the same pipeline stage, in a uniform manner.

The méthod comprises predecoding a fetched instruction prior to the fetched
instruction being advanced to the instruction decode stage by appending a first
field and a second field to the fetched instruction wherein the first field includes
resource information extracted from the fetched instru(_:tion énd the second field
includes a resource categorization field identifying a class of resources used by
instructions of a type similar to the fetched instruction; and furthermore

dispatching the fetched ixi'stnict_ion after advancing it to the instruction
decode stage to produce a d_ecoded instruction, the dispatching Step using the
first field and the second field to route the decoded instruction to a functional
unit for processing.

FIG. 6
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bccdep

I nstruction nvecdep

CoP1 nul
11101

01011

branch dependent on cc bits brbit

01010

i nstructi on sC

nove contro
I nstruction nerge

| oad instructions In Table I,
i nt eger opcodes that were chosen for t
Corresponding to the Cat Opc is a bit pattern appended to an i

01110

t he Cat

01100

register to CoPl fpnbit
Load |l eft/Load right

o pl3

01001
nove dependent on cc bits copGst
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instruction's opcode category field 458. The nunbers in the parenthese in
the bit pattern heading represent the bit position nunbers, with "O

representing the | oworder bit nunber and "4" representing t s SheetHas BeehReplaced
bit nunber. In the description above, the CoProcessor refers

preferred enbodi nent, the floating point unit. Even though th '
of the opcodes were chosen to gro (/q§§tructions 17 together that have

. similar resource requirenents, thefe are group categories that share common -
features. To make the predecodi ng, and the
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subsequent decodi ng and di spatching, as efficient as possible using a

m ni mum anount of appended bits, commobn characteristics that are
significant to resource allocation and that are shared anong different
categories of opcodes have simlar bit patterns. For exanple, the l[ast six
opcode categories all represent nenory-type instructions and therefore, bit
positions 2 and 3 are set. Only nenory-type instructions op code categories
will set both bits at positions 2 and A '2patch unit 402 can quickly
determ ne a nenory instruction by masking bits 2 and 3 to see if both of
these positions are "1". Simlarly, there are three branch-type opcode
categories: bccdep, brbit, and nvccdep. These instructions all have bit
positions 2, 3 and 4 matching "010". Sorting the instructions into enough
different op code categories while maitaining inmportant inter-relatedness
can be difficult using a few nunber of

FIG.4
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bits. It is undesirable froma cost and speed perspeﬁtrve—r67?§§ﬂ7§§ﬂ§7
i ncreaseWQ 9Hil6Aer of bits appended to each instructio s@g&ammmmadbdaﬁ ng,

predecoder 400 enqueues the reformatted and processed
i nstructions taken out gu\l d 128
bits, while the four instructions storég/q 1o instructi tota

instruction buffer 74. The four
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menory crossbars 472, and one branch crossbar 474. O the four instructions
presented to dispatch unit 402, integer crossbars 470 select a first two

i nteger operations and issues them down integer pipeline 212. O the two
i nt eger operations issued down integer pipeline 212, the er prlorlty of
the two is, by conventon in the preferred enbodi ment, issyed do ne of
the pipelines referred to as the left 6912 Thus, cro%? a&H%7O

the lower priority of the two integer og i ons down t he

- pipeline in integer pipeline 212. Menory crossbars 472 sel

- two menory operations fromthe four /

'FIG.6
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presented frominstruction buffer 74 and issues them down nenory pipeline
210. Menory crossbars 472 issue a higher priority one of the two nenory
operations down a |left nenory pipeline and the other. down a right nenory
pi pel i ne. Branch crossbar 474 selects a first branch |nstruct|on and issues
it to branch logic. The five crossbars shown in Fig. 'Fhls %enReplaced
concurrently and receive the four inst%?'ﬁns fromi nstr mmtmnﬂ

in parallel. It may be the case that a gihefour instr
frominstruction buffer 74, there are nore or less than two Inte

oper ati ons .awrﬁoyl ess than two menory operations, and rmre or | ess
t han one bra Puction. The crossbars will take less than their

maxi mumif fewer instructions ofpi§p8PETPPridd@1EYPe are avail able.

Format_of predecoded 450
instruction
register
destination
field
32 hit 5 hit 8 hit 5 bit
. . / o opecode
tructi validity
fiold O fild © | gepo
> e M~ T
452 454 456 = 458

FIG.8
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SMU 10 is a superscal ar processor able to execute up to four instructions
each cycle. However, instructions are always executed and issued in order.

- To enforce in-order processing, for every stage in integer pipeline 250,

. the instructions in the particular stages have a relative priority. Each

; instruction has appended to it two priority bits representing this relative
Cpriority. Priority is initially eStablléhfi by an instruction counter
associated with instruction buffer 2Zinstruction count er continually
. points to the highest priority instruction anong the four instructions
presented to dispatch unit 402. As dispatch unit 402 successfully

di spatches instructions into the pipelines, the instruction counter
advances to point to the highest pri@[?]&(ﬁbn!)ispatched i nstruction in
instruction buffer 74. ¢

DISPATCH LOGIC

Control Logic
Register Scoreboarding
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19 In operation, to select the first two integer operations from anoung the
four instructions, integer crossbar responds to the value of the

i nstruction counter. To quickly find integer instructions, dispatch unit
402 finds the first two instructions that are not nenory instructions, that
: are not floating point instructions, and that are valid. The valid bit and
i the fp/int validity bits of validity field 456 of each instruction indicate
 those instructions that are valid non-flo& /i point instructions. To
further determ ne whether such an instruction is or is not a nenory

i nstruction, dispatch unit 402 nmasks the second and third bits of the bit
pattern in the op code category field of each instruction.

FIG.10
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As |.ong Qg BQ@%? bits are not both "1", the instruction is not a nmenory
i nstruct iR % non- nenory, non- floating point instructions are
considered integer instructions. Selection of nmenory instructions is
sinmpler. As described above, u3|ng the instruction counter, the valid bit
in validity field 456, ang result;gL/ﬁﬁzask of ~bit positions 2 and 3 in
the op code category fiekd ﬁ5€;:d|spa t 402 qq;c y determnes the
first two nenory instructifaons.] Sel ection of the highHest priority branch
instruction to route to hjjanet|_| ogi c depends upon [hg,|nstruction counter,
the valid bit in validitylfi®lld 456, and a conparisoﬁ bf a mask of bit
positions 2,3 and 4 with 'TOI07}. An exact match indreates that the
instruction is a branch Tystfye¢ion. An instructioh gept to branch | ogic
also is dispatched to anottherfone of the pi pel i nes
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Timng is critical in decode stage 254, ‘especially for nmenory instructions.
It is inportant that nenory instructions get dispatched as soon as possible
to register file 52 to access information used in address generation in the
very next cycle. Therefore, dispatch unit 402 exposes instructions to the

- pipelines before determ ning or resolving resource contentions. In response

i to this, dispatch unit 402 is able to Iiie’? control signals for each
. instruction. This kill signal will be a t for those instructions that
shoul d not have been di spatched. The instruction counter will only advance

to correspond to instructions successfully 20
F1G.13
: 12
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- 480 to establish and resol ve resource c

di spatched. In other words, if for sonme reason no instructions should have

- been dispatched in a given decode cycle, dispatch unit 402 issues a kil

- signal for each dispatched instruction. The instruction counter does not

. advance in this case. Dispatch unit 402 determ nes a status of the kil

. control signals based in part upon results of register scoreboarding. Fig.

| 9 is a schematic representation iIIustripraéfse of a register scoreboard
_ edd on. Regi ster scoreboard 480

is an array illustrating necessary conparisons to prevent inproper access

- of registers in register file 52. Across the top of the array are pl aced

.+ five bit values of the two source_registers in each of the four

. instructions, for a total of eighFi a]{‘ts the array. Down the array .

. are placed five bit values of various reglSters that dispatch unit 402 wll

. use to conpare agai nst the values for the source registers arrayed
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Technical Field

The present invention relates generally to plpelmed superscalar |
mlcroprocessors More particularly, the present mventlon relates to msu'uctlon
dispatching in a pipelined superscalar microprocessor in normal operation, and

after exception processing,.

Background Art .

Microprocessors have a limited amount of on-chip résources to perferm
addressing, execution and control operations. Thereis a trade-off between a
cost associated with the mlcroprocessor (both in dollars and in execution speed),
and the amount of resources. At some point, a designer of a microprocessor
establishes a particular resource set. Thereafter, those resources must be used as
efficiently as possible to maximize performance.

For example, for scalar processors, one significant resource limitation was the

‘availability on the chip of only to be retrieved from a memory and presented to

the ALU. The ALU operated on the data and proirided an output. Afterwards, it
would be ready to perform another calculation, after other operands were

retrieved from memory. | |

, . It was soon realized that because the ALU was a critical component, it should
not sit idle. A structure identified as a pipeline was added before the ALU to
improve performance. The pipeline improved performance because it allowed

the ALU to process operands as fast as it was able, there was no waiting for its
operémds. | |

- Problems developed with ;!;)'ipelihed'_structures when conditions arose that




y,

regi o REPEACEMENT WHRI data i s scoreboard. There can be two of these move
_ '\g(nst ryci1ons pendi ng latf any particular time, with mvO storing the
: de‘stipatiqmrs@mgr of| the first nove instruction and nvl storing the
destihalion register joff the second nove instruction. To inplenment register
scor epoat-e—486,—tirer re eight registers for storing 21 five bit values
of thp source registers|identified in the four, or fewer, instructions
di spatchegausedithé pipelutdto 866N ifooiTest di48.0 Ot &thrtplcofli$ typrobfter is
the corresponding valid bit fromvalidity field 456 of each instruction.
Ther e ar ecomgdition occurs from a conditional branch condition. As the pipeline could

include data corresporiding to only one of the possibilities of the branch

. conditioﬁ, there were times that the data would be incorréct. The term exception,
or trap, developed to identify the requirement of exceptional processing required
by the system. | I

Solutions developed for dealing with the exceptions. The cycle wherein each
new solution produced a new problem continues. H is a goal to attempt to. -
maximize performance, continually developing new and improved systems.

A superscalar microprocessor has the same type of problems, oﬁly those
problems are far greater and far more complex. The superscalar microprocessor
has multiple functional units that can execute instructions and perform other
tasks at the same time as other functional units. For example, where the scalar
processor has a pipeline that includes one instruction per pipeline stage, the
superscalar microprocessor has a pipeline that can have multiple instructions per
stage. | |

Supercomputers often employ a 'Superscalar architecture. Performance
versus cost tradeoffs are important issues. It becomes very important to extract
maximum computing power from the resources provided in the microprocessor.
Issues relating to extraction of maximum performance include fast, e_fﬁcient
pipelines that process exceptions quiqkly. Routing instructions to appropriate

functional units as rapidly as possible requires fast analysis of busy resources.

Disclosure of Invention o

The present invention provides apparatus and method for providing a fast
and efficient pipeline in a superscalar microprocessor having a multiple
implementation. The pipeline of the present invention quickly matches
instructions to be dispatched in a pipeline with available resources. Exceptions
occurring in the pipeline 'are"proceSSed efficiently, all in the same pipeline stage,



-F
=

- _;?reg! stersifo : i S v St
. ¥registersjof mﬁﬁ@?gl spal ched instructions, the four previ y
: i | 0118,

.are made F’hat'

REPLACEMENT SHEET)

rore-1g—e-t
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hol di ng deéstination reqgisfef informationflso have a validity bit

associatel wth them (takenf fromthe rd valid bit of validity field 456).

In Fig. 9+e® Wen destination registers and source registers
OS¥M HAdes wherein a circle appears at the intersection of

the array. F ' ' e, t. I fethe destinatio
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conmparisons of five bit values are made eac c_i{cl e. Dispatch uni't resolves

conf | i ct sregister|fdei vy predécodepprepidogssessinstrattions dusingsthetfetch stapetter

while stalling |ater instructions requesting access to .
_ 1mpr(9ve resource contention resolution and instruction dlspatchmg_ by

appending a code to each instruction including a unique categorization code.
During the decoding stage, integer instructions are routed in program.
sequence order to functional units according to a resource scoreboard and other
resource-related conditions. During the address and execution stage, floating
point instructions are reformatted and rotated into a source code order to be
issued, four instructions at a time at write stage, into a first-in, first-out (FIFO) |
queue for the floating point unit. |
~ According to another aspect of the invention, exéeption processing for
‘instruction execution errors, cache misses of many types, and branch
misprediction errors all are resolved during the execution stage. In the
superscalar pipeline, instruction priority bits permit instructions having a higher
priority than exception-causing successfully complete, while exception
instructions and lower priority ins’tfuctions, and their effects, are canceled.
Reference to the remaining portions of the specification, including the
drawing and claims will realize other features and advantages of the present
invention.

Brief Description of Drawings

Fig. 1 is a block diagram of a superscalar microprocessing unit 10 having an
integer unit 12 and a floating point unit !4;

Fig. 2 is a block diagram iﬂustrating a set of functional instruction flow paths
(pipelines) in SMU 10; .

Fig. 3 is a block diagram illustrating a five stage integer pipeline 250 portion
of the pipeline structure of SMU 10, as well as a description of functions
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pipeline 250, external cache pipeline 302, and floating point pipeline 300;

Fig. 6 is a detailed block diagram of dispatch unit 202 shown in Fig. 2;

n —+ —

- Fig. 7 is a representation of a template for a reformatted instruction 450 after

predecoding; '

Fig. 8 is a block diagram of datapath flow through integer dxspatch unit 402
illustrated in Fig. 6; | _

Fig. 9 is a schematic represéntation illustrating use of a register scoreboard
480 to establish and resolve resource contention;_

Fig. 10isa simpliﬁéd block diagram of a fetch and dispatch system 500 -
according to the prefefred embodiment;

Fig. 11 is an illustration of operation of an instruction queue such as that
shown in Fig. 10 taken over four cycles; |

Fig. 12 is a representation of a template for a reformatted floating point
operatxon mstructxon 550 and a template for a reformatted floating point
memory operation 552 after reformatting; |

Fig. 13 is a schematic diagram illustrating dispatching in SMU 10 to perform
a ﬂoatmg point load operation; and

Fig. 14 is a schematic diagram illustrating dlspatchmg in SMU 10 to perform
a floating point store operation. '

Best Mode for Carrying Out the Invention
Next, the present invention will be described with reference to the drawings
in the following order.

Contents:



“availability of only one nultiplier, one shifter, two destination registers
i~ for nmvfti (nove floating point register to integer), no special wite port
v~ to register file 52 22 for nvfti, and cc (condition code) bits being
busy for those cchit dependent instructions. For exanple, as only one shift

- instruction can be dispatched per cycle,™a second shift instruction in a

group of four instructions has to wait until the shifter hecones available.
Di spat ch uni t L4dntedductions a nunber of . conditions that ki jWEMACTMERDRGE
di spat ch. Theer Igpn jtions include: gflsh (queue flush) fpleRg—d

. Pipeline Structure

III. Dispatching

IV. Pipeline Refill and Exception Processing

V. Conclusion

L. Introduction

Fig. 1 is a block diagram of a superscalar microprocessing unit 10 having an
integer unit 12 and a floating point unit 14. In the preferred embodiment,
integer unit 12 and floating point unit 14 cooperatively interact to produce a

~ single microprocessor, though their functions are physically divided between two
discrete intég_rated circuit devices. Microprocessing unit 10 includes a global
external cache (GS) 16 accessed via a tag memory unit 18. External cache 16 is
global because it is available to both integer unit 12 and floating point unit 14.

Integer unit 12 includes a number of functional units. These units include an
integer operation execution unit 50 coupled to an integer register file 52.
Execution operation unit 50 includes two integer arithmetic logic units (IALUs),
a shifter and a multiply-add unit. Execution unit 50 operates on data received
from register file 52 and writes results back.

Integer unit 12 loads integer data from an on-board data cache (DS) 54 into
register file 52 and stores data from register file 52 back to DS 54 and to an
external cache memory through floating point unit 14. An address generator 56
provides virtual addresses to DS 54 and will also use data from register file 52 to
generate addresses. _

Data stored in DS 54 only represents a portion of the total available memory.

. There are times when data needed by intcger unit 12 is unavailable in DS 54. In
those instances, integer unit 12 accesses external cache 16 to bring desired data
into DS 54. To access external cache 16, integer unit 12 converts virtual
addresses provided from address g'q_ncfat_or 56 to physical addresses using a
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cuts ol el glﬁmamﬁnﬁﬁlﬁa RbivsicAl AREsSS Theretfit, SlihEhati 16,
further 'fiﬂ‘stDS'ﬁﬁHfhtﬁérH% EI ng by dispatch unit 402 so that fewer
i nstructions are actua I spatched in a cycle than nmight otherw se be
di spat ched lnatepérumie]l? vses imstnictionsftorcopitis] alats flove andropefsions. Integer
unit 12 includes an instruction cache (IS) 70, a branch prediction cache (BS) 72,

an instruction buffer 74, a dispatching unit 80 and a floating point instruction

queue (FPQ) 80 to obtain and route instructions to appropriate resources, in an
approprlate order, of superscalar processing unit 10. '

IS 70 stores and issues instructions. Some instructions are branch
instructions that can produce a discontinuity in program flow. BS 72, coupled
to IS 70, stores pointers to branch targets for each branch instruction in IS 70.
Instruction buffer 74, coupled to an output of IS 70, loads instructions from IS
70 in a desired order.

Dispatching unit 80 reads instructions from instruction buffer 74, checks
them, verifies that needed hardware resources are available, and issues the
instructions to appropriate functional units of the microprocessing unit 10.
Dispatching unit 80 rou.tes instructions destined for floating point unit 14 to
floating point queue 82. Dispatching unit 80 issues integer operations to
execution unit 50 and issues memory in=structions to address generator 56.

Floating point unit 14 includes floating point execution unit (FPXU) 100,
floating point register file (FREG) 102, a floating point load queue (LDQ) 104,
and a store queue 106. FPXU 100 includes two floating point execution units
that operate on data read from FREG 102. FPXU writes results back to FREG

102. |

FPU 14 does not include any address contr61 structures, so integer unit 12
accesses necessary data from external cache 16 and loads them into LDQ 104.
Thereafter, a load instruction to FPU 14 reads appropriate data from LDQ 104
and writes it into FREG 102. Similarly, stores from FREG 102 to external cache
16 go through STQ 106. A store instruction in FPU 14 causes it to transfer data

i
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according to the preferred enbodi ment. Four thirty-two bit |nstr
1 SEBWoe

fetched into a buffer queue 502. Incom ng instructions are |natur
aligned on 128-bit boundaries and outgoiZng instructions arg always
contiguous. Instructions fetched into buffer queue 502 are jquadword aligned

and cone. in of uf f er _queue 2 fro i nstru S—cashe—{-not
shown) . Wtﬁ [1@6 u TcHiegtd) wn &?2 gh toFﬁ"%?fhlqd%‘ﬁsm&?ld

i ncl udes Eelgg sters 506 and a sel ector circuit 508. A group of

on- deck reg| ers coupl e an output of buffer queue 502 to dispatch unit

I’52£gll s;rg(ras : ml?&rgéﬂ?ﬁhgﬂégg%?gé EMUI’ ‘equ) Icg?g?lﬁl??s tgg mﬁgmg'g%lg}d ?Eitﬁggl sters
506 are mmplemeritation described previously. As there are a number of execution units
and address generation units available for concurrent operation, the preferred
embodiment implements SMU 10 with a multi-pathway pipelined architecture.
'For example, instruction buffer 74 retrieves four instructions per cycle from |
IS 70. Dispatch unit 80 routes up to two memory instructions to address .-
generation units 56, up to two integer operation instructions to execution unit
50, and up to four floating point instructions to FPQ 82, each and every cycle. |
The preferred embodiment implements its pipeline in a continuous operation
mode. In other words, the pipeline never stops, but continues to advance
instructions from one stage of a pipeline to another. Details regarding
dispatching and pipeline control and refill are discussed below.
II. Pipeline Structure |
Fig. 2 is a block diagram illustrating a set of functional instruction flow paths
(pipelines) in SMU 10. Items similarly numbered to those of Fig. 1 represent the
same component. After initialization of a system employing SMU 10, integer
unit 12 loads a set of appropriate instructions from external cache 16 into IS 70
~using a data bus 200. Each instruction is thirty-two bits wide. Integer unit 12
loads four instructions at one time into IS 70 therefore data bus 200 is 12.8 bits
wide. |
A dispatch unit 202 includes some predecoding functionality, instruction
buffer 74, dispatch unit 80, sotne floating point formatting functionality, and
FPQ 82, all shown in Fig. 1. Dispatch unit 202 receives four instructions at one
time over a data bus 204, adds eighteen bits to each instruction to facilitate
routing, enqueues instructions, and routes from zero to four instructions per
cycle. The addition of the extra bits is part of the predecoding operation.

The instruction dispatching operatib_rx_ always dispatches instructions in order.
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first fouselpW)ettiérhirstructions later in the instruction stream cannot be dlspatched
* until all earlier instructions have been dispatched.
Dispatch unit 202 has a number of pipelines it can route instruc_tidns to.
These pipelines include a memory pipeline 210, an integer pipeline 212, and a
floating point pipeline 214. Memory pipeline 210 and integer pipeline 212 each
include two independent pipelines, while floating point pipeline 214 is four
instructions wide, including space for two floating point operations and two
floating pomt memory operatlons
Dispatch unit 202 routes memory instructions to address generator 56 via
memory pipeline 210, routes integer operations to execution unit 50, and routes
floating point instructions to FPU 14. Note, dispatch unit 202 routes some .
floating memory instructions to both memory pipeline 210 for address
generation, and to floating point plpelme 214. Dispatched unit 202 routes some
floating point instructions, such as floating point compare and a conditional
move, to both integer pipeline 212 for execution, and to floating point pipeline 214.
In addition to the compbnents described with respect to Fig. 1, Fig. 2
- includes an mteger store pipeline 220 coupling an output of DS 54 to dispatch
202, and an address queue 224 coupled between tag memory unit 18 and
external cache 16. Integer store pipeline 222 permits integer unit 12 to update
external cache 16 after it'doe.s an store operation into DS 54. Integer unit 12
packages an integer store instruction and' its associated data together in dispatch
unit 202. Afier packaging, integer unit 12 dispatches the instruction and data to
floating point pipeline 214 in order for FPU 14 to store the data to external
cache 16. " |
Appropriate addresses to store data from STQ 106 are available froni integer
unit 12 via address queue 224, It is part of the function of dispatch unit 202 to
match instructions being sent to F PU *.1_'4{ with appropriate data in LDQ 104 and
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that ii has a low-latency between a fetch of an instruction and its execution, no
load delay slot, same cycle data forwarding for dependent load after store, and
the characteristics that a branch and a delay slot are able to execute together in
the same cycle. In the preferred embodiment, SMU 10 provides a processor for
use in a reduced instruction set computer (RISC). This RISC archltecture affects
many of the design and implementation described herein.

The following description of Fig. 3 references components illustrated in Fig.

1 and Fig. 2. Integer pipeline 250 includes a fetch stage 252, a decode stage
254, an addressing stage 256, an execute stage 258 and a writeback stage 260.
Integer pipeline 250 includes both memory pipeline 21 0 and integer instruction
plpelme 212, '

Fetch stage 252 has integer unit 12 fetch instructions into IS 70 from external
cache 16 via data bus 200. As mentioned earlier, dispatch unit 202 includes
some predeeoding functionality. This pfedecoder gets four thirty-two bit
instructions from IS and appends eighteen bits to each instruction to facilitate
dispatching. The predecoder then pl.aces the predecoded instructions into
instruction buffer 74. Fetch stage 252 also performs some branch prediction.
Branch.prediction occurs in fetch stage 252 with one branch prediction per |
quadword. |

Decode stage 254 accesses instructions from instruction buffer 74 and
decodes them to determine the type of instructions they are. Since SMU 10 can

~ process up to four instructions per cycle, it is important to define a mechaniem

* to identify relative order among instructions in each cycle. At the decode stage,
dispatch unit 202 scoreboards these iflstructions to match available resources to
requirements of the instructions. Dispatch unit 202 dispatches only those
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1s accessed by memory instructions to retrieve an address register specifier.

Decode stage 254 determines relative priority among instructions by reading
the prog_'ram counter pointing to the next instruction to be executed. Upon
dispatching an instruction, dispatch unit 202 associates the instructions relative
priority with a control word dispatched with each instruction. |

It is an advantage of the present invention that instruction realignment to
source code order in the instruction buffer is not necessary when dispatching
less than a quadword from the instruction buffer. | | _

Addressing stage 256 uses address generator 56 to generate load addresses
and store addresses. | -

Execute stage 258 includes a large nﬁmber of activities. Execution unit 50
completes all integer arithmetic logic umt (IALU) operaﬁons in except multiplies
and divides (which take many cycles) inultiply and div, and all shift, oper_atidns
in this one cycle multiply and divide operations are committed during the
execute stage. Execution unit 50 loads data from DS 54 into register file 52
during execute stage 258. Additionally, integer unit 12 resolves branches,
performs TLB lookups, and detects exceptions, all during execute stage 258.

Writeback stage 260 follows execute stage 258 and concludes integer
pipeline 250's portion of the pipelinés of SMU 10. Successful completion of an
instruction during execute stage 258 resﬁlts in that instruction performing any
necessary write into register file 52. Operations and results of exception
detection in execute Stage 258 qualify conditions when this write into register -
file 52 can occur. A write into register ﬂle 52 is irreversible. Therefore, integer
unit 12 allows writes only if an instructi(;n executed properly and no instruction
with a higher priority (that is, an instruction that precedes it in the instruction
stream) generated any type of exception that was detected during execute stage -
258. A more detailed description of exception proceséing‘ and resolution is

- provided below. | | )
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external cache 16 to access data for floating point unit 14. This means that
floating point load and store instructions pass through integer pipeline 250,
specifically memory pipeline 210, to TLB 58 to produce a physical address in
external cache 16 of the needed data. Datapaths from TLB 58 to external cache
16, and then from external cache 16 to LDQ 104 form an external cache pipeline
302 shown in Fig. 4. External cache pipeline 302 operates in five cycles. In the
preferred embodiment, to improve brandwidth, external cache 16 is interleaved.
Even addrésses are located in a first bank, identified as 16a, while odd addresses
are located in a second bank 16b. Tag memofy 18 is similarly divided into an
even tag memory 18a and an odd memory tag 18b. | |

External cache pipeline 302 prodhces data for FPU 14 by loading the data
into LDQ 104. Due to the interleaving of external cache 16, LDQ 104 is divided
into an even LDQ (LDQE) 104a and an odd LDQ (LDQO) 104b. Integer unit
12 includes an address bellows 304 whose operation is explained in a related
-patent' application entitled CONFLICT RESOLUTION IN INTERLEAVED
MEMORY SYSTEM WITH MULTIPLE PARALLEL ACCESSES filed December
15, 1993. The address bellows 304 improved performance of interleavd external
cache 302 when two instructions arrive from integer pipeline 250 that need to
proceed down the same side of the pipeline. Address bellows 304 can hold one
of the instructions, allow the higher priority one to proceed, and issue the held
instruction the next cycle. .

Integer pipeline 250 does not dispatch instructions into FPQ 82 until all
higher order instructions execute and any exception or de_pendenbies are
resolved. Once an instruction is sent into FPQ 82, those instructions are

committed. Therefore, instructions are not enqueued into FPQ 82 until
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floating point instruction for five cycles (or up to twenty instructions) following |
a floating point load. | | | |

Decoupling FPU 14 from integer pipeline 250 hides the five cyclé latency of
external cache pipeline 302. FPQ 82 is irhplemented as a first-in, first-out
(FIFO) qheue. Therefore, a.ﬂoating point instruction that uses a result of a
floating point load instruction can immediately follow the floating point load

 instruction in FPQ 82. Dispatch unit 202 thus ignores thé latency of external

cache 302. Thereafter, integer pipeline 250 is immediately free to continue on'to
other instructions. The load instruction proceeds through memory pipeline 210
to external cache pipeline 302 and deposits the load data into LDQ 104 after five
cycles. Until the load data is available in LDQ 104, the floating point load |
instruction waits in FPQ 82 and issues to FPU 14 when it is ready. The
compute instruction waits behind the floating point instruction in FPQ 82 until
the load data is loaded into FREG file 102. |

‘The decoupling of the FPU 14 can result in out of order execution of floating
point instructions with respect to integer instructions. The latency of external
cache pipeline 304 is hidden from integer pipeline 250 by not requiring in order
execution of floating point instructions and integer instructions.

Fig. 5 is a flowchart illustrating a combined pipeline 350 including integer
pipeline 250, external cache pipeline 302, and floating poinf pipeline 300.

~ Combined pipeline 350 identifies integer pipeline 250 stages by the F, D, A, E,

& W cycle designations, corresponding to the fetch, decode, addressing, execute
and writeback stages. Combined pipeline 350 includes an S stage that -
represents an extra cycle to issue ﬂdéting_-po‘int instructions from FPQ 82.
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poi nt dispatch (S cycle or FD stage) opérations require only .a fpur-bit

tag. Again, the categories enphasize the different resource refu rdnt@ﬁﬁDﬁwﬁ
Two broad sub-classes are illustrated idTFable 11: floating p]gn menory.

instructions and floating point execution instructions. The hijgher—brt—of
t he opcode |dent|f|es t he 25 subclass. A"0" in bit positign 3 indicates

a menor y Floating pbinmtrdispatch aecuks at 8<itage, dsasedidrorssbutcepconflicescandt 1 on —
instruction. e d| fficulty with the f oat | ng point instruction dispatch
| ogi ¢ i sregister dependencies. |
Stages des1gnated G, H, I, J, &K, are part of external cache pipeline 302.
Combinéd pipeline 350 includes an L stage that represents a cycle to write load
data into LDQ 104.
Stages designated T, R,X,Y,Z,U,and V define floating point plpelme 300.

T stage is a T-bus transit stage to allow time for instructions to pass from the

integrated circuit package including integer unit 12 to the integrated circuit
package including FPU 14. A full cycle is allowed for chip crossings throughout
'SMU 10, such as for trahsits to tag memory 18 and to extemal cache 16 from
integer unit 12. ‘

R stage reads FREG 102 as needed FPU 14 has four execution stages, X
'st.age, Y stage, Z stage, and U stage. These stages together perform floating -
point operations. Some complex operations require several passes through the
execute stages X-Y while a result is iteratively determined. Finally, V stage

~ writes to FREG file 102 to complete floating point pipeline 300. As described
above, floating point pipeline 300 includes resources to concurrently operate on
two floating point instructions and two ﬂoating point menmory instructions per
cycle. | | .

HOI. Dispatching

~ Fig. 6 is a detailed block diagram of dispatch unit 202 shown in F1g 2.
Dispatch unit 202 includes a predecoder 400, instruction buffer 74, an integer
dispafch unit 402, a floating point instruction formatting unit 404, a floating
point dispatch unit 406, and FPQ 82. Integer dispatch unit 402, floating point
pre-packaging unit 404, and ﬂoatmg pomt dispatch unit 406 together make up
dispatch unit 80 shown in Fig. 1.

- As described earlier, during fetch stage 252, predecoder 400 reads four
instructions at a time from IS 70. Predecoder 400 examines each instruction

read from IS 70 for general resource requirements and reformats them to a
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requirements and to search the individual instructions in order to extract
information contained within each instruction. Later, at the decode stage there
is little time available to do some of these functions. '

Fig. 7 is a representation of  template for a reformatted instruction 450 after
predecoding. Reformatted instruction 450 includes an instruction field 452, a
register destination field 454, a validity field 456, and an opcode category field
458. Instruction field 452 is thirty-two bits wide and is the original instruction. |

- Register destination field 254, validity field 456 and opcode category field 458
are the fields that predecoder 400 adds.

There are thirty-two registers available in register file 52, therefore they can
each be uniquely identified by a five bit field. Destination register field 454 is a
five bit field representing the destination register for the instruction in instruction
field 452. The instruction set used for SMU 10 permits the destination register,
when it is present, to be in a number of different locations in the thirty-two bits
making up each instruction. Thus, locating the destination register during
predecoding and putting it in a known location saves much time later. That is
one purpose of destination register field 454, to establish a fixed posmon for this
important register value.

Validity field 456 encodes a number of characteristics that the predecoder
can derive from the instruction. These individual values of the bits in validity
field 456 expedite dispatching in decode stage 254. In the preferred
embodiment, validity field 456 includes eight bit positions. These positions
correspond to: rd valid, instruction valid, int/fp instruction, int and fp |
instruction, rs valid, rt valid, predict bit and delay bit.

The rd valid bit is a switch to indicate whether the five bits in the destination

- register field 454 are valid for the instruction. Some instructions do not have a
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nmove fromctl (control) 0011 fp meminstruction nove _Léthﬂm”‘SHEE

0110 fp meminstructi on nove to ctl _ 0111 fp mem
* instruction |ong ' 1000 fp ex instrdcqi oh ir$EP 199
i 1010 fp ex instruction short 15 1100 fp ex
I nstruction nove 1101 fp ex instr@iction conp
1110 fp ex instruction reg copl X . 1011 fp ex

i nst ruct destination register. Each integer instruction can have up to three registers: the
| destination register and up to two source registers. SMU 10 defines a first

source register as an rs register and a second register as an rt register.
Instrilctibns can use either zero, one or two source registers. The rs valid bit in
validity field 456 indicates whether or not the instruction uses the rs register.
Similarly, the rt valid hit in validity field 456 indicates whether or riot the
instruction uses the rt register. In the instruction set for SMU 10, it is not

~ necessary to extract the rs and rt registers during predecoding as they are easily
located. It is the destination register that can appear in a number of positions in
an instruction. _ |

The instruction valid bit indicates to integer dispatch unit 402 whether the
instruction is valid or not. The int/fp instruction valid bit indicates to dispatch
unit 402 whether or not the associated instruction is a floating point instruction

or not, while the int and fp valid bit indicates whether or not the associated
instruction is both a floating point instruction and an integer instruction.

Two of the validity bits, the predict bit and the delay bit are used by branch
prediction logic. They are not defined by predecoder 400 and are not used by
the dispatch system, therefore they will not be further described herein.

Five bit opcode category field 458 broadly groups sets of instructions
together according to particular resource requirements or other factors that
require that dispatch unit 402 process an instruction, or group of instructions,
differer;tly from other instructions. Table I below defines a set of opcodes for
use in the integer dispatch unit 402. | |
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13 is a schematic diagramillustrating dispatching ffa—S—a—f+e

point |oad operation. Register file read, address generati BLACEME%HbSM::f;-
functions for-integer unit 12 are included in an address unit bUU THe i

exter nal
are incl

provides read data to both LDQ 104 and FPR 102. Additi onal y]—éiiéuuuﬁuim

]
cache pipeline functions of tag menory access and|G$ a§£§%&s f
uded in a gl obal cache (GS) acc‘é’s’sT unit 602. GS acgegs un| 602 !

o2t uad

unit 602 asserts an enqueue signal to LDQ 104 when data isflavail able from
GS 16. Integer unit 12 al so includes BABbBEdIqueue counter (TDJToumter)

602 t hat

Zzer o, one,

604.. LQQ counter 604 responds to an increnent signal from GS access unit
provi des 52*@%?; S°9%229P3f§353<hau2:¥ LBGGST ggﬁgggﬁﬁxﬁa;DE%fggn;?;t2??
-mvc;1 ) 00101 _nge control register from CoP1l to
mvfi 00100 move register from CoPl to int
shift 00001 |shift |
mul 00011 multiply
mvhl 00010 move from/to hi/lo reg
fpcmp . 10101 CoPl compare
ssnop 00110 superscalar noop
movnz 00111 |move conditional
becedep 01011 |branch dependent on cc bits
brbit 01001 branch instruction '
mvccedep| - 01010 {move dependent on cc bits
copOst 11100 CoPl null instruction
sc - 01100 store conditional
ctel | 11101 move control register to CoPl '——
fpmbit 01111 FP load/store instruction
merge 01110 Load left/Load right
1dbit 11110 |load instructions

In Table I, the Cat Opc isa list of categories for mteger opcodes that were
chosen for the preferred embodiment. Corresponding to the Cat Opc is a bit
pattem appended to an instruction represented by the particular category in the
instruction’s opcode category field 458. The numbers in the parenthese i in the bit
pattern headlng represent the bit position numbers with "0" representing the
low-order bit number and "4" representing the high order bit number. In the
description above, the CoProcessor refers to, in the preferred embodlment the
floating point unit.

Even though the categories of the opcodes were chosen to group instructions



The floating point |load instruction begins at the IS | U dissaaty
_ Integer dispatch unit 402 issues this instruction to bot hi*#ss
* pipeline (address unit 600) and to the floating point pipel§
unit 406). Address unit 600 generates a ¥irtual address amditr
into a physical address. Address unit 600 provides this pRydical
GS access unit 602. When GS access unit detects a GS tag Hit,

12 knovsigbherctiat Have dfinflér fobréd aquiferierls| ditre af@gtéu
increnent signal to LDQ eounter 604, tncrementing it to _
access ucateg6fies that share lcontnon features, DDo Ifdkevtispredecedingidmbihe by
asserting the enqueue signal to LDQ 104. EP-.dispatch unit 406 holds the

f1 oat i ngSwhsequenbdecodingrand dispatchingaseffivientas possibleusing agaieimumon and

data access cycles. en,.LDQ counter, 604 . . , .. '
_ amount of%ppe\r/l\riecq blg,Qcommon characteristics that are significant to resource

allocation and that are shared among different categories of opcodes have

 similar bit patterns. For example, the last six opcode categories all represent
memory-type instructions and therefore, bit positions 2 and 3 are set. Only |
meinoryétype instructions op code categories will set both bits at positions 2 and
3. Dispatch unit 402 can quickly determine a memory instruction by masking
bits 2 and 3 to see if both of these positions are "1". Similarly, there are three

- branch-type opcode categories: bccdep, bfbit, and mvcedep. These.instruction_s all

have bit positions 2, 3 and 4 matching "010". | -

- Sorting the instructions into enough different op code categories while
maitaining important inter-relatedness can be difficult using a few number of
bits. It is undesirable from a cost and speed perspective to needlessly increase a
number of bits appended to each instruction.

Afier predecoding, predecoder 400 enqueues the reformatted and processed
instructions into instruction buffer 74. The four instructions taken out of IS 70
totaled 128 bits, while the four mst:ructlons stored into instruction buffer 74 total
200 bits. The extra memory requirements for instruction buffer 74 are greatly
offset by the performance advantages gained during decode stage 254 from the
predeceding. | |

F i_g: 8isa blbck diagram of datapath flow through integer dispatch unit 402
illustrated in Fig. 6. Integer dispatch unit 402 includes five crossbars
(multiplexers) that receive instructions from instruction buffer 74 (the queue
register). These crossbars include two integer operation crossbars 470, two
memory crossbars 472, and one branch crossbar 474. '

Of the four instructions présented to dispatch unit 402, integer crossbars 470

select a first two integer operations and issues them down integer pipeline 212.
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I ndicates that data for the floating point |oad operation isfayailable in ]

. LDQ 104, FP dispatch unit 406 dispatches the instruction ovef tfhelT-SEB %%
* FPU 14. FPU 14 reads the data from LDQ 104 and wites it int¢ FPR 102. Fig.
14 is a schematic diagramillustrating dBspatching in SMJ 10jto pertornra
floating point store operation. Integer . .unit 12 includes a stare address
generation unit 610 that includes register file 52, address generators 50,
TLB 58 Ofafieawo Mfegeraiperhiidhs issded dowh iriteger pipeline B13; the higher (SDQ
counter) 612 (physically inplenented as two _counters - a SDQ counter for
 even addpaesity of the two is, by conventon in the preferred embodiment, issued down

one of the pipelines referred to as the left pipeline. Thus, crossbars 470 issue -
the lower priority of thé two integer obéiiations down the right integer pipeline in
integer pipeline 212. B '

Memofy crossbars 472 selects the first two memory operations from the four
presented from instruction buffer 74 and issues them down memory pipeline
210. Memory crossbars 472 issue a higher priority one of the two mémory-
operations down a left memory pipeline and the other down a right memory
pipeline. | | | |

Branch crossbar 474 selects a first branch instruction and issues it to branch
logic. The five crossbars shown in Fig. 8 all operate concurrently and receive
the four instructions from instruction buffer 74 in parallel. It may be the case"
that among the four instructions rece‘ivc_ci from instruction buffer 74, there are
more or less than two integer operations and more or less than two memory
operations, and more or Jess than one branch instruction. ‘The crossbars will
take less than their maximum if fewer instructions of the appropriate type are
available. '

SMU 10is a superscalar processor able to execute up to four instructions
each cycle. However, instructions are always executed and issued in order. To
enforce in-order processing, for every stage in integer pipeline 250, the
instructions in the particular stages have a relative priority. Each instruction has
appended to it two priority bits representing this relative priority.

. Priority is initially established by an in_struction'counter associated with
instruction buffer 74. This instruction counter continually points to the highest
priority instruction among the four instruétions presented to dispatch unit 402.
As dispatch unit 402 successfully dispatches instructions into the pipelines, the |
instruction counter advances to point to the highest priority non-dispatched
instruction in instruction buffer 74. o '



( SDQE counter 612a) and a SDQ counter for odd addr esse R@D@M‘ b)
for.determning a status of STQ 106 on FPU 14. SDQ court e‘rs““‘éspond to. _
i ncrement signals fromFP dispatch unit 406 to increne i{ sgpores
val ues. FP dispatch unit 406 receives al%ignal from stofe|:address
generation unit 610 to indicate to whith bank a store W | lJbe-radeT"The
floating point store instruction begins at IS integer dispatch unit 40 i

Di spat ch uiin bpéfdtich, tpaeldvt thée fiest twanintegemeperatiohs from! @©fouro both
store address generation unit 610 and to FP 'dispatch unit 406.

addr ess igstructionsyinteger arossharaespends tocthel value of thoinstruationccounter.uct i on
data syulauieklyoiied iisaer imsurictins, dispatinunit J0RRREF e Bstitveno” - o
det er m Ngtriiclibhb tRat A4Hdt SHeddry iARRRIES that are not floating point

instructions, and that are valid. The vahd bit and the fp/int validity bits of

validity field 456 of each instruction indicate those instructions that are valid

non-floating point instructions. To further determine whether such an
instruction is or is not a memory instruction, dispatch unit 402 masks the second
‘and third bits of the bit pattern in the op code category field of each instruction.
As long as those bits are not both “1", the instruction is not a memory
instruction. Valid, non-inemory, non-ﬂo,ating'point instructions are considered
integer instructions. o

Selection of memory instructions is simpler. As described above, using the
instruction counter, the valid bit in validity field 456, and the result of a mask of
bit positions 2 and 3 in the op. code category field 458, dispatch unit 402 quickly
determines the first two memory instructions. |

Selection of the highest priority branch instruction to route to branch logic
depends upon the instruction counter, the valid bit in validity field 456, and a
compaﬁson of a mask of bit positions 2, 3 and 4 with "010". An exact match
indicates that the instruction is a branch instruction. An instruction sent to
branch logic also is dispatched to another one of the pipelines. |

Timing is critical in decode stage 254, especially for memory inStmctions. It
is important that memory instructions get dispatched as soon as possible to
register file 52 to access information used in address generation in the very next
cycle. Therefore dlspatch umt 402 exposes instructions to the pipelines before
determmmg or resolvmg resource contentions. In response to this, dlspatch unit
402 is able to issue kill control signals for each instruction. This kill signal will
be asserted for those instructions that should not have been dispatched. The |
instruction counter will only advance ';o correspond to instructions successfully
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illustrating use of a register scoreboard 480 to establish and resolve resource
contention. Register scoreboard 480 is an array illustrating necessary
comparisons to prevent improper access of registers in register file 52. Across
the top of the' array are placed five bit values of the two source 'registers in each
of the four instructions, for a total of eight lines across the array.

Down the array are placed five bit values of various 're'gisters that dispatch
unit 402 will use to compare against the values for the source registers arrayed
across the top. The registers down the array include the four destination register
values from the destination register field 454 of each of the four instructions.

- Additionally, register scoreboard 480 uses the values of the destination registers
for the instructions issued in the immediately preceding cycle. These register
values are labelled ardil, ardir, ar_dml-, and ardmr. Instructions dispatched in the
immediately preceding cycle would be in address stage 256. Thus, ardil means the
destination register of the instruction in the left integer pipe located at the |
address stage.” Similarly ardir is the right integer pipe destination register, while
ardml and ardmr refer to destination regis_ter at the address stage of the left and
right memory pipe, respectively. |

There is also a move instruction that takes data from the FPU 14 and loads it
into a register in register file 52. This process can take a long time, therefore the
register to receive the data is scoreboard. There can be two of these move
instructions pending at any particular time, with mvO0 storing the destination
register of the first move instruction and mv1 storing the destination register of
the second move instruction. o

To implement register scoreboard 480, there are eight registers for storing
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¢ in address queue 224, the external cache control logic 614 L
iy data and is-sent to external cache 16. 1V. Pipeline Refil] @and, Exce tlon

" Processing 28 The descri ption above-described the pipelinpe Bﬂes N
its preferred node of operation with ing2tuctions being cpniinually
fetched, decoded and executed. There are a nunber of situqtions that arise
during op lon of a I pel ined su rscal ar rocessor that—can.cause 3

di scont i |ﬁe)1°c itivigl ugee 56813 iden in theafouy, or fewer, instuctionss ar e

referred dtispatgheci] ee;f)r%rsi’,relf]I SR EyEE! Assoc_xated with each register is the

corresponding valid bit from validity field 456 of each instruction. There are ten

registers for holding the five bit values identifying the destination registers of the
four dispatched instructions, the four previously dispatched instructions, and the
two move instructions. These registers holding destination register information
also have a validity bit associated with them (taken from the rd valid bit of

-~ validity field 456). | | | | '

In Fig. 9, comparisons between destination registers and source registers are
made in those instances wherein a circle appears at the intersection of the array.
For example, a comparison is made to see if the destin_eition register for the first
instruction (rd0) is to be used as a source register for instructions 2, 3 or 4. For

- register scoreboard 480, up to seventy-two comparisons of five bit values are
made each cycle. Dispatch unit resolves conflicts by allowing higher priority
instructions to use the register while stalling later instructions requesting access to
a busy resource. To stall a dispatched instruction, dispatch unit 402 issues a kill
signal corresponding to instructions that it wants to stall.

One reason that dispatch unit 402 scoreboards destination registers of
instructions in the integer pipeline at address stage 256 is to guard against an
add to a register followed immediately in the next cycle by a load using that
register for address. Reserving registers to receive a move from FPU 14 ensures
that FPYJ 14 will not have to wait. It is a design of SMU 10 to not have
functional units wait after completing an operation.

Dispatch unit 402 uses more information than just the results of register
scoreboard 480 to decide which instructions it should properly dispatch. It is
one goal of dispatching to ensure that instructions are dispatched in order with
resource conflicts cleared. For integer unit 12, the resource limitations include:
availability of only one multiplier, one sh_ifter, two destination registers for mvfti

(move floating point register to integéi'), no special write port to register file 52
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exceptions, neaning that their execution causes, or caused;
operate the pipelines in a special fashion. The net hodol ogyrér Dyt
10 to handl e exceptions is called exception processing. Injthe preferred
enbodi nent, SMJ 10 expands the concept -2% _exception proceskihg %D SEEVERS
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uni versal systemfor handling all types of events. Exceptiln Pprocessing
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Dispatch unit 402 also has a number of conditions that kill all integer
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dispatch. These conditions include: gfish (queue flush) following a branch
misprediction or exception, debug mode, 'ﬂo_ating point queue full, and memory
pipes being in a condition that they are unable to handle more memory opefations.

There are also contentions to be resolved for memory instructions. These
contentions include: only one read port to DS"54, the write timing to DS 54,
only one register write port for integer stores and mergé instructions, integer
store, mvitf and mvcitf require a whole entry in FPQ 82 because they carry their
data along with the instruction, sc goes by itself, and mvcitf goes by itselfto -
make cc bit logic simpler as it sets all cc bits in the FPU 14.

These integer and memory conientions can further limit instruction
dispatching by dispatch unit 402 so that fewer instructions are actually
dispatched in a cycle than might otherwise be dispatched based solely on results
of register scoreboard 480. | '

Fig. 10 is a simplified block diagram of a fetch and dispatch system 500
according to the preferred embodiment. Four tliirty-two bit instructions fetched
into a buffer queue 502. Incoming instructions are naturally aligned on 128-bit
boundaries and outgoing instructions are always contiguous. Instructions
fetch_ed into buffer queue 502 are quadword aligned and come into the top of

~ buffer queue 502 from an instruction cache (not shown). A dispatch unit 504
controls dispatching of instructions and includes dispatch registers 506 and a
selector circuit 508. A group of on-deck registers 510 couple an output of buffer
queue 502 to dispatch unit 504. o , _ '

The dispatch registers 506 function as traditional "instruction registers”
connected to decoders and register files. The dispatch registers 506 are either
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shown in Fig. 10 taken over four cycles. Initially in the first cycle, buffer queue

502, on-deck registers 510 and dispatch registers 504 are filled with instructions
named by letters and ordered to execute in descending alphabetical order. The
instruction pointer initially points to instruction "A". '

In the first cycle, dispatch 'logic-deten'nines that of the first four potentially |
parallel instructions "A" to "D", only "A" and "B" can execute concurrently. (For
example, "C" could be dependent on "A" therefore it cannot be dispatched. An
inability to dispatch "C" also requires that "D" not be dispatched because the
system does in-order dispatching.

Thereafter, in the second cycle, signals from the dispatch ldgic advance "E"
and "F" from on-deck registers 510 to dispatch registers 504 and hold "C" and
"D". Instruction counter points to "C" as the highest priority instruction, with |
priorities assigned to "D" to "F" starting at "C". In the second cycle, instructions
"C" to "E" are dispatched with "F" holdihg. | ‘

. Thereafter, in the third cycle, instructions "G" and "H" are moved from on
deck register 510 into dispatch register 504. However, "I" is accessed directly
from buffer queue 502. The depletion of all instructions from on-deck register
510 triggers advancement of buffer queue 502 and a fetch of additional
instructions. Advancement did not occur until the fourth cycle, yet dispatch
register 504 was properly filled directly from buffer queue 502. This direct
connection illustrates how the fetch pipeline is decoupled from the dispatch
decision logic. The dispatch logic-need‘ only manipulate selectors 508 feeding
each of the dispatch registers. | '

Thereafter, in the fourth cycle, the buffer queue 502 advancement and the
filling of dispatch registers 504 are Simuliarieous, achieving continuous |
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The followmg description refers agam to Fig. 6. At the end of decode stage
254, up to two integer instructions go to the integer pipelines, and up to two

© memory instructions go to the memory pipelines. Floating point instructions are

not scoreboarded or processed in dispatch 'stage 254, they just flow through
integer dispatch unit 402 to floating point instruction processing unit 404.
During address stage 256, floating point instructions are again reformatted
conveniently for floating point dispatch.

Fig. 12 is a representation of a template for a reformatted floating point

| operation instruction 550 and a template for a reformatted floating point

memory operation 552 after reformatting. Reformatting of floating point
instructions results in instructions thirty-seven bits wide.

- During execute stage 258, the reformatted floating point instructions are
rotated in source order. Thereafter, quadwords that contain instructions relevant
to floating point issue are written to FPQ 82. Floating point dispatch unit 406
controls dispatching of fp relevant instructions according to resource contention
and register scoreboarding similar to dispatching in decode stage 254. Note that
only a portion of the reformatted instruction are actually sent out on to the T-bus
linking integer unit 12 to FPU 14. As shown in Fig. 12, twenty-nine bits of
reformatted floating point operation instruction 550 are sent to the T-bus, while
only nine bits of reformatted floating point memory mstructlon 552 are sent to
the T-bus.

Table II shows floating point opcodes and the associated four-bit value
representing that opcode category. There are fewer categories so floating point
dispatch (S cycle or FD stage)' operations require only a four-bit tag". Again, the
categories emphasize the different resource requirements. Two broad
sub-classes are illustrated in Table II: floating point memory instructions and
floating point execution instructions. The higher bit of the opcode identifies the
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particul ar instruction causing the exception. The two bit
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cancel edeoreboarding the floating point execution instructions. The dlfferent opcodes of

the floating point execution instructions h‘ligh.light latency differences among
them. That is what long in the opcode section of Table II below referenced by

the "1000" bit pattern; instructions in this category take many cyclesto
complete. Although FPU 14 includes two symmetric pipelines for execution, the
different laténcies of these instructions makes scoreboarding much more complex.

‘TABLE IX
opcobE caTEGoRY - Pty PATTONN| pEscriprION
-|fp load 0100 fp mem instruction
| fp store ' 0101 fp mem instruction
|int store _ : 0001 fp mem . instruction
move from fpr . 0010 | fp mem instruction
move from ctl (control) 0011 fp mem instruction
move to fpr 0110 - |fp mem instruction
Jmove to ctl 0111 fp mem instruction
|1long 1000 fp ex instruction
rég copl 1010 fp ex instruction
short . 1100 fp ex instruction
move ' 1101 fp ex instruction
comp 1110 fp ex instruction
reg copl X 1011 fp ex instruction

s
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lookup functlons_for integer unit 12 are included in an address unit 600. The

external cache pipeline functions of tag memory access and GS data access are
included in a global cache (GS) access unit 602. GS access unit 602 provides
read data to both LDQ 104 and FPR 102. Additionally, GS access unit 602
asserts an enqueue signal to LDQ 104 when data is available from GS 16.
Integer unit 12 also includes a load queue counter (LDQ counter) 604.. LQQ
counter 604 responds to an increment signal from GS access unit 602 that
indicates when there is a hit in GS tag memory. LDQ counter 604 provides an
output to FP dispatch unit 406. The output has three states: zero, one, or >=2.
The floating point load instruction begins at the IS TU dispatch unit 402.
Integer dispatch unit 402 issues this instruction to both the integer pipeline
(address unit 600) and to the floating point pipeline (FP dispatch unit 406).
Address unit 600 generates a virtual address and translates it into a physical
address. Address unit 600 provides this physical address to GS access unit 602.
When GS access unit detects a GS tag hit, integer unit 12 knows that
corresponding data will be available so it asserts the increment signal to LDQ
counter 604, incrementing it to a value of one. GS access unit 602 writes the
data into LDQ 104 when it is available By asserting the enqueue signal to LDQ
104. - | |
FP-dispatch unit 406 holds the floating point load instruction in FPQ 82
during the address generation and data access cycles. When LDQ counter 604
indicates that data for the floating point load operation is available in LDQ 104,
FP dispatch unit 406 dispatches the instruction over the T-bﬁs to FPU 14. FPU
14 reads the data from LDQ 104 and writes it into FPR 102.
Fig. 14is a schematic diagram illustrating dispatching in SMU 10 to perform
a floating point store operation. Integ_er unit 12 includes a store address
generation unit 610 that includes register file 52, address generators 56, TLB 58
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ori or t o SROB TS 128 and R SR Conier frredd andresses ¢SDEAG Gousii hat
| ocati on g4olh) faf Weicthrfinthg ® stthS of STQ 106 on FPU 14. SDQ counters respond -

to increment signals from FP dispatch unit 406 to increment their stored values.

FP dispatch unit 406 receives a signal from store address generation unit 610 to
indicate to which bank a store will be made.

The floating point store instruction begins at IS integer dispatch unit 402.
Dispatch unit 402 dispatches the floating point store instruction to both store
address generation unit 610 and to FP dispatch unit 406. Store address
generation unit 610 receives the floating point store instruction and any address
source register specifier. FP dispatch unit 406 receives a data source register
spec'iﬁer. ' -

Store address generation unit 610 determines a virtual address and translates
it into a physical address. DS 54 includes a tag memory and valid memory (not
shown) that are checked to ensure 'consisten'cy between DS and GS. Store -
address generation unit 610 provides a physical address to GS tag 18 and
asserts an even/odd bank signal (as appropriate) to FP dispatch unit 406.

A hit in GS tag 18 enqueues the store address in store address queue 224.
External cache control logic 614 checks a status of the appropriate SDQ counter
612 to determine whether data is available in STQ 106 on FPU 14. |

FP dispatch unit 406 does not issue the floating point store instruction until
normal instruction and resource dependencies permit dispatch of the instruction.
Upon receiving the store instruction, FPU 14 reads data from FPR 102 and
enqueues it in STQ 106. STQ counter 612 is incremented to indicate that data is
available in STQ 106. Thereafter, when an entry in SDQ 106 matches an entry
in address queue 224, the external cache control logic 614 dequeues the data
and is sent to external cache 16. |

IV. Pipeline Refill and Exception Processing

4
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causing the location to be read fromexternal cache 16 (and ‘L{E\gw-a.? >
_exception). A subsequent wite to that location will store ijt4 tha Wt
* the associated validity bit, marking the data as valid. Aftqgr |an e&§ggt ,
di spatch unit 202 flushes integer. pipel4ge 250 for two to tHrge_cycles
During the time that the flushing occurs, the exception prodessing logic is
able to review what, if anything, happened to DS 54, and .to iml _
corr ect i on[ty déseriptionabové describe thiedpipeline dpeeation ipits preferediniddy ent
types of exceptions, as well as a description of steps for handling those

i nst r uct oboperdtion witheinstructions deieptontinually fetohedyrdedodedgnd exceuted.
exceptiopns, TLB exceptionfs,. FPU 14 exeqgution unit exceptions, |S mss, and
DS tag milbere are @ gumberiof situationsdhat agss during apesation efiapipglinedni ¢ 5o,

ar processor that can cause a discontinuity in operation of a pipeline.

such' as ?Lrl]pé)r\égﬁlf | ow.

Generically, these situations are referred to in the preferred embodiment as
exceptions, meaning that their execution causes, or caused, SMU 10 to operate -
the pipelines in a special fashion. | _

The methodology employed by SMU 10 to handle exceptions is called- '
exception prdcessing. In the preferred embodiment, SMU 10 expands the
concept of exception processing to cover events and situations not classically
defined as exceptions and provides a universal system for handling all types of -

 events. Exception processing logic coupled to virtually all of the functional units
of SMU 10 monitor and control eXception pi'ocessing. '

SMU 10 not only includes traditional integer unit exceptions among the class
of exceptions it processes, but includes data cache misses, TLB exceptions,
floating point instruction excep_tiohs, branch misprediction, system calls and
.retums from exception pfocessing among the class of recognizable exception
sitnations. SMU 10 pfo_vides a common exception himdlihg paradigm for the
exceptions. | '_ -

The exception handling process is complex due to the superscalar nature of
SMU 10. In the preferred embodiment, SMU 10 handles all exceptions in
execute:stage 258. It is necessary to detect exceptiohs prior to writeback sfage
260 because writes into register file 52 are irreversible. SMU 10 also resolves’
all exceptions related to higher priority instructions that _precede a floating point
instruction prior to dispatching that floating point instruction into FPQ 82.

Another factor adding to complexity of the exception processing syStem
includes the use by SMU 10 of a continually advancing pipeline. The pipelines
of SMU 10 never S_top, but advanée instructions each cycle. Due to the speed of
the pipelines, the short amount of tiihe available after exceptions are detected
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ecting the exception, SMJ 10 i rmedl ately initiatesjefceptron

ng. The first step identifies which instruction andnd the §ppH994
instructions in execute. stage 258 caused the exce tilon.
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t he exception reports the two-bit priority code frdgmthe associ ated

ti]
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For mteger instructions, exception processing uses a precise model. For

floating point instructions, the decoupling of the high latency of external cache
pipeline 302 from integer pipeline 250 results in SMU 10 employing an
imprecise exception processing model for floating point instructions.

The precise model requires that SMU 10 ldentlfy precisely an instruction that
causes an exception. SMU 10 employs a program counter at execute stage 258,
and uses priority bits appended to each instruction, to identify a particular
instruction causing the exception. The two bit priority code appended to each
instruction indicates relative priority among instructions in the same stage of the
pipeline.

The priority bits also perform a second function. When an exception occurs,
SMU 10 allows all instructions having a priority higher than the instruction
causing the exception to complete, and cancels the exceptidn causing instruction,
as well as all lower priority instructions. | o

Not only is the exception instruction, as well as lower priority instructions,
tagged to prevent them from advancing to-the next stage and changing the stage
of any memory locations, effects of fhese canceled instructions that occurred
during execute stage 258 must be canceled. |

One particular operation that is more difficult than the others to cancel is a
store to DS 54. During execute stage 258, after an instruction stores to DS 54,
an insﬁuctio_n with a higher priority can generate an 'exception; In this case, the
store to DS 54 needs to be canceled. |

To further explain the cancellation procedure, some additional details
regarding DS operation are described. DS 54 is a direct mapped cache storing
16KB of data with 32 byte lines. DS 54 includes a tag memory and a vaiidity

bt memory. There is one validity bit associated with each word in DS 54. The

A

validity bit of DS 54 was described w1th respect to the split-level cache. SMU
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exception instruction, allows any i.nstructions with higher priorTty 1o
conpl ete, and cancels the exception instruction and all | ower pthﬁ E 4
instructions. To cancel an instruction, it is only necessarly j{to inhi '?g

that instruction from making an |rreve@_bl e change to any rré-nce-lc-y—l-oca.t.l_nn_

Therefore, the exception processing-logic disables canceled instructions

writing 10mses thissagiesvalidity bét totdssistin ¢he cancqllatiomsef add$ stpre. cl ears a
fegi ster ?h}e‘_ﬁmﬂwﬁfsfgﬁ%&&g@w rea @i 1e8 S Batore seis e we whaheng o
o eared, L hnibl g Habgldr S o ek s BL BRI GBER. 1 s B 1L
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an exception and process it as described below.

In the case that an exception occurs from a higher prlonty instruction, the
exception processing logic must cancel the store, even if there was a DS tag hit.
To correct the DS write, the exception processing logic clears the validity-bit
associated with the stored data word, thereby invalidity the data. It no longer
‘matters what data was stored in that stérage location prior to the out-of order
store. A subsequent attempt to read from that location will generate a DS miss;
caus.ing the location to be read from external cache 16 (and generate an
exception). A subsequent write to that location will store its data and set the -
associated validity bit, marking the data as valid.

After an exceptlon dispatch unit 202 flushes integer pipeline 250 for two to
three cycles. During the time that the flushing occurs, the exception processmg
logic is able to review what, if anything, happened to DS 54, and to make any
needed corrections at that time. _

The following is a description of the different types of exceptions, as well as a
description of steps for handling those instructions. The exceptions are dealt
with in order: integer unit exceptions, TLB exceptions, FPU 14 execution unit
exceptions, IS miss, and DS tag miss.

Integer unit exceptions typically occ_ﬁr-ii:n integer unit 50, such as an overflow.

- Upon detecting the exception, SMU 10 injinediately initiates exception

- processing. The first step identifies which instruction among the four possible
instructions in execute stage 258 caused the exception. Identification of this
instruction results when the functional unit that detects the exception reports the
two-bit priority code from the assoclated instruction. The report is made to the
exception processing logic.
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of SMJ 10 (i.e., whether any particul ar stage can process the

:«. Because the pipeline continues to advance each cycle, an instfugt+er—that
i is not selected by a subsequent stage gets overwitten. and diga pelai\%éﬁ@%
t he pipeline. Not only does the excepti gd processing |ogic prgevent el
into the integer register file, it prevents the exception insfr i '
all lower priority instructions frombeing witten into FPQ 8 and from
enteri ng eindhesase sadten thepe arevmubtiple instructions in gxecute 1S :
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and cancels the exception instruction and all lower priority instructions. '
To cancel an instruction, it is only necessary to inhibit that instruction from |
-making an irreversible change to any memory location. Therefore, the exception
processing logic disables canceled instructions from writing into the register
files. To disébl_c an instruction from writing into the register file, the exception
processing logic clears a validity bit of the instruction (i.e., invalidates the
instruction). o '
 The register file will not be changed in response to an instruction having a
cleared validity bit. This validity bit is different from the instruction valid bit in
the validity field appended to each instruction during the fetch stage. Itis a
one-bit code associated with each instrucﬁon to indicate its validity to the stages
of SMU 10 (i.e., whether any particular stage can process the instruction).
Because the pipeline continues to advance each cycle, an instruction that is not
selected by a subsequent stage gets overwritten and disappears from the pipeline.
Not only does the exception processing logic prevent writes into the integer
register file, it prevents the exception instruction and all lower priority
instructions from being written into FPQ 82, and from entering external cache
pipeline 302. Additionally, the exception processing logic sends a signal to
dispafch unit 202 indicating the existence of an exception condition. Diépatqh
unit 202 stops dispatching all instructions until notified that it can start again.
‘There is a program counter assdciaied with execute stagé 258 that determines
the program code number for the exception instruction by using the reported
priority code and adding that number to the program counter. This program
code number for the exception instrucﬁ_qh is an exception program counter
(EPC). The EPC is sent to the logic that controls instruction buffer 74 and




- code nunber for the exception instruction is an exception pregfamcounter
~(EPC). The EPCis sent to the logic that controls instructi REPLACEMENT SHEET
.32 instruction cache 70. Instructi-on buffer 74 advances its ji fSTruction
counter to point to the exception instryidion as the next instjruqt{ sgp 1906
the case of an integer execution unit exception |S 70 fetchgs finstructions
froman exception handlLing vector jn order to progess the, exceéepten—nrce—
the i nst IRKFYUCION €3 ’lbe toxbiauﬂgnaﬂi apees #ts ipsEuctioriceuntesdor eady
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In the case of an integer execution unit exception IS 70 fetches instructions
from an ekception handling vector in order to process the exception. Once the
instructions from the exception handling:vector are fetched and ready for
dispatch, dispatch unit 202 resumes dispatching to process the exception.
Complétion of the exception handling process, an exception condition in its own
right, resumes "normal” operation of SMU 10. For some types of exceptions,
processing will resume with the exception instruction, while for others, SMU 10
processes a completely different set of instructions. Thus, the integer execution
unit instruction exception is handled by canceling effects of the instruction and
- subsequent instructions, dispatching and executing exception handling vector

instructions, and resuming operation.

The éxception processing logic handles TLB exceptions in much the same
way. A TLB exception occurs when TLB 58 is unable to lookup a physical
address corresponding to a virtual address generated by address generaté_)r 56.
SMU 10 can still determine the physical address, but it will require a few cycles

- to do so. In response to the TLB exception, the exception processing logic
identifies the instruction causing the TLB exception as the exception instruction.
It, and any lower priority instructions, arc canceled with higher priority
instructions committed and allowed to cdmplete.

The: EPC reported to instruction buffer 74 points to the instruction causing
the TLB exception. While there is no error, pér se, in the case of the TLB
exception, TLB refills are handled by a software routine. When refill is |
complete, program execution resumes back whére the TLB exception was taken,
see application entitled VARIABLE PAGE SIZE TRANSLATION
LOOKASIDE BUFFER filed December 15, 1993. The instruction counter simply |
points to the instruction on causing the TLB exception, causing dispatch unit
202 to try and dispatch it. Until TLB 58 is ready, the instruction counter will



Compl etion of the exception handling process, an exception condition in its
,owm right, resunes "nornal" operation of SMJU 10. For sone types of
. exceptions, processing will resume with the exception instruction, while

“ for others, SMJ 10 processes a conpletel32 different set of instructions.
Thus, the integer execution unit instruction exception is handled by
canceling effects of the instruction and subsequent instructions,

di spat chnagmave, eausiog;digpaicbamit 202 facontinyallydispatch he instrugtion.ads
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t he exception processing |ogic . ] .
caveat. As mentioned, SUM 10 employs an imprecise exception model for

floating point instructions. Therefore, when an exception occurs, the program
counter does not point to the instruction generating the exception. Therefore, to
process the floating point instruction exception, the exception processing logic
reports the current value of the program counter and the type of exception.

All instructions are canceled, dispatch unit 202 flushes integer pipeline 250,
and IS 70 fetches appropriate instructions from an error handling vector
appropriafe to the type of instruction. The error handling routiné must deal with
the lack of information regarding the precise instruction generating the floating

~ point error. A floating point exception typically terminates program execution
and finishes with an error code, though partidular functionality is dependent
upon the software exception handler. '

For IS misses and DS misses no error has occurred but these are handled the
same way as an exception would be handled, i.c., the pipeline is flushed and
new instructions are fetched. On an IS miss the instruction fetching is held up
until the new IS line can be brought in, then instruction dispatching is resumed.
On a DS miss, instruction fetching is immediately resumed at the instruction
that caused the DS miss, but dispatching is held up until the new DS line can be
brought in. |

Advantages of the present system derive from the system's ability to quickly
(within one cycle) resolve éxceptions, precisely identify the particular exception
instruction, and allow higher priority instructions to complete. Consider the
instruction stream shown in Table I:II below:

REPLACEMENT SHEET|
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identifies the instruction causing the TLB exception as the exception
“Minstruction. It, and any lower priority instructions, are cancel ed mﬁth
hi gher priority instructions conmtted and all owed to conpl etge- '
reported to instruction buffer 74 points the instruction gmm T ;;:; I
. exception. Wiile there is no error, per?%o In the case. of the J.‘_‘g K"F‘*"m
exception, TLB refills are handl ed by a software routine. Wign re{,\gs FL
conpl ete, program execution resunes back where the TLB excepti’ Eaﬁ@ﬁ
see application entitled VAR ABLE PAGE SI ZE TRANSLATI ON L EFER
filed Decenber 15, 1993. The instruction counter sinply points to the

e
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instruction on causing the TLB exception, causing dispatch .
and dispatch it.. Until TLB 58 is ready the instruction counter wll

TABLE III
Instr. Order | Instruction Exception?
1 . ADD NO
2 ADD - NO
3 LOAD NO
4 LOAD YES
5 ADD 22?
6 ADD | 227
7 LOAD | 22?

The instructions are ordered with the highest priority at the top. Dispatch
unit 202 issues the first four instructions. - In the course of executing instruction
number four, a DS 54 miss occurs. The exception processing logic permits
instructions one, two and three to complete. After handling the DS miss of
instruction 'fou'r; dispatch unit dispatcheé instructions four, five, six seven, NOT
just instruction four by itself. After an DS exception, dispaigthing retrieves

instructions from instruction buffer 74 in order beginning from the new instruction.

V. Conclusion . |

In conclusion, the present invention provides a simple, efficient solution to a
problem of instruction dispatch and exception processing in a superscalar
multiprocessor. While the above is a complete description of the preferred
embodiments of the invention, various 'a'ltematives, modifications, and
equivalents may be used. For ckample, the reference herein to the preferred
emb‘odimcnt's'use of a Tloating-point co;b_rocessor should not limit the claimed
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33 not nove, causing dispatch unit 202 to continually dispatch the

s i'nstruction. As soon as the physical address is available, nornmal operation
resunes. The exception processing |logic handles floating point execution
exceptions simlarly to the way it handl 8 integer unit execution
exceptions, with one caveat. As nentioned, SUM 10 enpl oys an i.nprecise
exception nodel for floating point instructi-ons. Therefore, when an .
except i omventionsto just thatanestypeofisoprodessorn s wellitnswn tih ¢he ast, odedri on
generating the exception. Therefore, to process the floating point

i nst r uct FORrQCESRR (DS are avalable: i Some of dhe Sloaingpeint specifiasdesigncur r ent
val ue of ofeliferRts QLRbE FPlRea B} spebinit RSigH feRtEER dutomized to another
coprocessor-type. Therefore, the above description should not be taken as

limiting the scope of the invention which is defined by the appended claims.
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Al'l instructions are cancel ed, dispatch unit 202 flushes in
%250, and IS 70 fetches appropriate instructions froman err QHEET
- vector appro riate-tothe—type of instruction. The error hapd[TTg-Tott+re
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gener ati ng MHH"I error. A TToating point exceptipn ty a 9

term nat es progran1execﬁt|bn and finishes with an error co fhaough

particular functionality is dependGLAINS the software ex eptiop handl er.
For IS misses and DS mi sses no error has occurred but these arefhaneed-the
same way as an exception would be handled, i.e., the pipeline is flushed
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resumed at the i nstructi

steps of:

prcdecoding a fetched instruction prior to said fetched instruction being

advanced to the instruction decode stage by appending a first field and a second-
field to said fetched instruction wherein said first field includes resource
information éxtracted from said fetched instruction and said second field
includes a resource categorization field identifying a class of resources used by
instructions of a type similar to said fetched inStruction'; and thereafter

dispatching said fetched instruction after advancing it to the instruction
decode stage to producé a decoded instruction,

said dispatching step using said first field and said second field to route said
decoded instruction to a functional unit for processing.

2. A method for checking for a register contention between a first instruction
and a second instruction concurrently cycled into a decode stage of a pipeline of
a superscalar microprocessor having a plurahty of general purpose registers,
comprising the steps of:

predecoding the first instruction prior to the decode stage by extracting a first
destinaion register information field from the first instruction located at a first
relative location in the first instruction and appending said first destination
register information field to the first instruction at a predetermined location
relative to the first instruction; |

predecoding the second instruction prior to the decode stage by extracting a
second destination register information field from the second instruction located
at a second relative location different from said first relative location and
appending said second destinaﬁoﬁ_regi§ter information field to the second
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t hat—Ttausedthe BSniss; but dispatching is held up until the new DS |ine
. can bemlﬂmﬂl Il'" mm tages of the present systemderive fromthe
- system kl'y (within one .cycle) resolve exceptions,

preci sely {*dehtily Y he particul ar excepsion inst ruction, and allow higher
priority i nstructlons to conplete. Consider the instruction stream shown in
Table 111 bel ow 34 TABLE 11l Instr. Oder Instruction

Except i dn8truction at said predétérmined location relative to thie second instruction; and
thereafter
extractmg, at the decode stage, a first source register information field from
the first instruction; _ | '
extracting, at the decode stage, a second source register information field
from the second instruction; and thereafter
comparing said first register destination information field with said second
source register information field; and '
compaﬁng said second register destination information field with said first -
source register information field. |

3. A method for dispatching‘ integer instructions and floating point instructions
ina superscalar, multichip microprocessor having an integer functional unit and
a floating point functional unit, the micfoproeessor including an instruction fetch
stage, followed by an instruction decode stage, and a subsequent stage after the
. instruction decode stage, comprising the steps of:
(a) fetching an integer instruction;
(b) fetching a floating point instruction; and thereafter
(c) predecoding said integer instruction prior to said integer instruction being
advanced to the instruction decode stage by appending an identification field to
said integer instruction wherein a first value in said identification field includes
information identifying said integer instruction as an integer-type instruction;
(d predecoding said floating point instruction prior to said floating point
instruction being advanced to the instruction decode stage by appending an
identification field to said floating point instruction wherein a second value in
~ said identification field includes information identifying said floating pomt
instruction as an floating pomt-type instriction; and thereafter
(e) dispatching only mteger-type instructions in the instruction decode stage;
and thereafter
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The instructions are orderéd with the hizghest priority at the top. D spatch
unit .202 issues the first four instructions. In the course of executing
I nstructio n(linber four, a DS 54 miss occurs. The exception processing
| ogi ¢ per m{®sdispatchipg iflnating point-kype instructionsin th@ﬁpb&@(BlQMfStage.handl i ng
the DS m ss of instruction four, dispatch unit dispatches instructions
four, five, six seven, NOT ' '

4. An exception processing method for a superscalar microprocessor having a

five-stage pipeline including, in order, a fetch stage, a decode stage, an address
stage, an. execute stage, anda register writeback stage writing data into a general
purpose register file, comprising the steps of: |

dispatching concurrently a plurality of instructions to functional units of the
superscalar microprocessor for concurrent execution in the execution stage, each
of said plurality of instructions having an associated execution priority level
different from other instructions in said plurality of instructions; and thereafter

detecting an exception 'condition caused by execution of a particular one of .
~said plurality of instructions in the execute stage; and thereafter

determining which of said plurality of instructions is said particular one
instruction;

determining said associated priority level of said particular one instruction; =
and thereafter |

completing any of said plurality of instructions having an associated priority
lovel greater than said associated priority including authorization of said higher
priority level instructions to write i_nto the general purpose register file in the
immediately subsequent register writeback stage while carlceling said particular
one instruction and all instructions'having said associated priorify level lower
than sai?d associated priority level of said particular one instruction with the
cancéling including inhibition of writes to the general purpose registers in the

immediately subsequent register writeback stage.

5. A method for providing resource identification tags that identify resource
requirements of an instruction in an instruction set to a dispatching unit of a
microprocessor, comprising the steps of:

specifying a plurality of rego'urce olo_sses of resource allocation limitations of
| " REPLACEMENT SHEET| |
‘ o 11 SEP 1996




just instruction four by itself.. After an DS exception, dispatching

. retrieves instructions frominstruction buffer 74 in order beginning from
the new instruction. V. Conclusion In conclusion, the present invention

provides a sinple, efficient solution tgga problem of instruction dispatch

and exception processing in a superscaldar nultiprocessor. Wile the above

is a conplete description of the preferred enbodiments of the invention,

vari ous themicreprocessomnthat are mutvally exclusivgof eachhothesny be used. For
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said plurality of resource classes; |
identifying a resource set for a first one and a second one of said plurality of
resource classes sharing a common dispatching characteristic; and
assigning a unique binary value to each of said plurality of resource classes,
wherein said binary values of said first one resource class and said second one -
resource class share a mask pattern identifying said resource set wherein only

instructions in said resource set include said mask pattern.
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I nvention to just that one type of coprocessor. As well known in the art,-
. other coprocessor types are available. Sonme of the floating point specific
desi gn el enents coul d be replaced by specific design features custonized to
anot her coprocessor-type. Therefore, thgpabove description should not be
taken as limting the scope of the ir}:/@[r&'on which is defined by the
appended cl ai ns. 36 CLAIMS 1. ABS uction di spatching nethod for

super scal ar mi croprocessor having an instruction decode stage foll ow ng an

i nstruction fetch stage, conprising the :
SUPERSCALAR SRIICRI'IP DCESS[ﬁi INSTRUCTION PIPELINE INCLUDING

INSTRUCTION DISPATCHING AND KILL CORTROL

An apparatus and method for providing a fast and efficient pipeline in a
superscalar microprocessor having a multiple implementation is ptoVided.Thc
pipeline of the present invention quickly matches instructions to be dispatched in
a pipeline with available resources. Exceptions occurring in the pipeline afe
processed efficiently, all in the same pipeline stage, in a uniform manner.

The method comprises predecoding a fetched instruction prior to the fetched
instruction being advanced to the instruction decode stage by appending a first
field and a second field to the fetched instruction wherein the first field includes
resource information extracted from the fetched instruction and the second field |
includes a resource categorization field identifying a class of resources used by
instructions of a type similar to the fetched instruction; and furthermore

dispatching the fetched instruction after advancing it to the instruction
decode stage to produce a decoded instruction, the dispatching step hsing the -
first field and the second field to route the decoded instruction to a functional
unit for processing.

FIG. 6
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predecoding a fetched instruction prior to said fetched
I nstruction being advanced to the instruction decode stage by appending a

first field and a second field to said fetched instruction wherein said
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and a second instruction concurrently cycled into a decode stage of a

" pipeline of a superscalar mnicroprocessor having a plurality of general -
pur pose registers, conprising the steps of: predecoding the first
instruction prior to the decode stage by extracting a first destination
register information field fromthe first instruction |ocated at a flrst
relative location in the first instructi d appendi ng S . TRE
destination registefr information field tg/{&& first instryg rer -iSHEET
predetermned | ocation relative to the first instruction; [pjedecodi ng the
second instruction prior to the decodmm extracting 4 s@doBER 1994 1
destination register information fiel second indtrfjuction |ocate
at a second relative location different fromsaid first re¢lative BCatTon
and appendi ng sai d second destination reglster i nformati onfield.to the
second
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37 instruction at said predeterm ned |ocation relative to t
instruction; and thereafter extracting, at the decode stagejBEpf &
register information field fromthe first instruction; extraci-
decode stage, a second source register information field fr
instruction; and thereafter conparing said first register dgs i nbl iSEP
I nformation field with said second qyyfyg regi ster informatfon field;
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conparing said second register destination information field with said
-first source register information field. 3. A nethod for dispatching

i nteger instructions and floating point instructions in a superscalar,

mul tichip m croprocessor having an integer functional unit Eggir++4uuiiulh
poi nt .functional unit, the microprocessor including an instft& ‘ﬁﬁgkﬁﬁgh&y .
stage, followed by an instructi.on decode st , and a subsefupent stage *EET
after the instruction decode stage, conpAv§ﬁﬂg t he steps off.
an integer instruction; (b) fetching a floating point instr
thereafter (c) predecoding said integer instruction prior

I nstruction being advanced to the instruction decode stage
identification fiield to said integer instruction wherein a firs
said identification field includes '

FIG.4
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'!nrofnation identifying said integer instruction as an integer-type

i nstructi-on; -

i dentifying said floating point |nstruc§?yn as an floating p

ﬁié@r{g@ y int eger typ.

o Chme  E e G A vEme e Wemes S . Ty W Evme S e —— S ey S

i nstruction;

-

stoge #1

and thereafter (e) dis

in the instruction decode st age;

adrs decode ) |

fleld

(d)<predecoding said floating point instruction prior to said
floating point instruction being advanced to the instruction
by appending an identification field to said floating point

wherein a second value in said identifi
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"

'(f) "dispatching floating point-type instructions in the subsequent stage.
.+, 4. An exception processing nmethod for a superscal ar m croprocessor having a
. five-stage pipeline including, in order, a fetch stage, a decode stage, an

address stage, an execute stage, and a.register witeback stage witing

data into a general purpose register file, conprising the steps of: :

di spatching concurrently a plurality of&igzﬁéuctions to functional units of

t he superscal ar m croprocessor for conc execut i ongd j

stage, edch of said plurality of instructions having an

execution priority level different, fromother instructi
plurality of instructions; and thereafter detecting an
caused by execution of a particular one of said plurali

in the execute stage; and thereafter i whi ch
instructions is said particular one FIG‘-6
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“a )

i nstructi on;' determ ni ng sai d associ at ed priority level of said part I cul ar
»one instruction; and thereafter conpleting any of said plurality of
- instructions having an associated priority level greater than said

associ ated priority including authorization of said hi gher—p-erity l euvel
instructions to wite into the general purpose register ftl PLACENENT ﬁfmﬁ"ﬂ‘
i medi ately subsequent register wri tebacﬁme whi | e cangelm Ty et
particul ar one instruction and all instr s having sa d ng %
priority tevel lower than said associated priority |evel ¢f{sa C%@?t cﬁul ar
one instructio ﬁil‘f?cancellng|nclud|ng|nh|b|t|on ol wites to the
general purpose regrst®efs in the imediately subsequent régister witeback

stage. 5. A nethod for providing repAgtCEdetOGRati on t

resource
Format _of predecoded 450
instruction
register
. destination :
: field '
32 bit 5 bit 8 bit 5 hit ;
- / . 2 opecode
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field field Eeld
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FIG.8
' DISPATCH LOGIC
D-stage Datapath
402
: 74
Queue Register Y
0 |1 | I2 13
470 & 2 integer operation
' cross bars 2 integer operation
instructions to mteger
pipeline
-212
472 —~
2 memory cross bars 2 memory operanon
instructions to memory

| pipeline

474 ~ lbranch cross bar

[ ) ) select and transfer a
»branch instruction to
. ' X branch loglc




> : [

requi rements of an instruction in ah instruction set to a dispatching unit
».of a mcroprocessor, conprising the steps of: specifying a plurality of
resource classes of resource allocation limtations of 39 the ' _
m croprocessor that are nutually exclusive of each other; associating each
instruction of the instruction set with an appropriate one of said
plurality of resource classes; identifyiggyigresource set for a first one
and a second one of said plurality of resourfe classes sharing a common
di spat ching characteristic; and -

FIG.9
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» . i

assigning a uni que binary value to each of said plurality of resource

».cl asses, wherein said binary values of sai'd first one resource class and
_said second one resource class share a mask pattern identifying said
"resource set wherein only instructions in said resource set-include said
mask pattern.
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