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ABSTRACT

Getting the interlock logic which controls pipeline flow correct
is an important prerequisite for maximising pipeline performance.

Unnecessary pipeline stalls can only be eliminated when they can
be distinguished from those stalls which are necessary to preserve

functional correctness.

We propose a method for deriving a maximum pipeline perfor-
mance specification from a complete functional specification of the
pipeline control logic. The performance specification can be used

to generate simulation testbench assertions. On the other hand, th

specification can serve as a basis for formal property checking. The
P property d n- performance, the pipeline should only stall when this is required

most promising aspect of our work is, however, the potential to sy
thesise the actual control logic from its formal description.

Categories and Subject Descriptors

B.5.2 [Register-Transfer-Level Implementatior]: Design Aids—
Verification B.5.1 [Register-Transfer-Level Implementatior]: De-
sign—Control Design, Pipeline

General Terms
Performance, Verification

Keywords

Pipeline Stall, Interlock Logic, Verification

1. INTRODUCTION

1.1 Motivation

Unnecessary pipeline stalls decrease processor performance. E
suring that a pipelined microprocessor utilises its maximum pipeline
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throughput is therefore an important task for processor designers.
The complexity of today’s microprocessor architectures demands
a systematic and rigorous approach; one that can be provided by
applying formal methods.

This paper describes the method developed while verifying the
performance of the FirePath processor. FirePath [9] is a Broadcom
proprietary LIW/SIMD processor targeted at communications and
multimedia applications, its first use being embedded within a DSL
system chip. The processor is based on a pipelined dual instruction
g]ultiple data microarchitecture. Pipeline flow is controlled via an
interlock logic that prevents functional hazards. To achieve best

to guarantee functional correctness. For example, competition for
a completion bus results in pipeline congestion, thus potentially
stalling all final pipeline stages, which did not win the grant for
the completion bus. Stalls in a completion pipeline stage can cause
preceding stages to stall.

From a performance point of view, the instructions in the pipeline
should move into the next pipeline stage whenever possible. Hence,
a performance bug is a pipeline stall for which there is no functional
justification. Maximum performance can be achieved if there are
no unnecessary stalls. With our method we can derive a maximum
performance specification from a specification of the control logic
which describes all functional constraints that cause a pipeline stall
by applying fixed-point iteration. This performance specification
can be included in a verification testbench in the form of an as-
sertion. Alternatively, the specification can be used as a basis for
formal property checking.

Our method is applicable to any pipelined microprocessor archi-
tecture that uses interlock logic to control pipeline flow, provided
the functional specification of the flow control logic has the prop-
erties described in Section 3.1. These properties are by no means
restrictive, in fact they are what one would naturally expect when
specifying pipeline control flow.

A very promising aspect of our approach is that the functional
specification can serve as the basis for RTL code synthesis. We
are confident that the basic HDL code for the interlock logic can
be generated fully automatically from its functional specification.
This is one topic of our current research.

This paper introduces our method by means of a case study in
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that need to be satisfied to apply the method. Our results are pre- long <hort

sented in Section 4, whi_ch is fo_IIowed by some conclusions and an PIPESTAGE
outlook on further work in Section 5.

1.2 Related Work

Approaches to verify the correctness of pipelined microproces-
sor designs range from traditional simulation-based verification via
automatic property or model checking [4, 2] to semi-automatic the-
orem proving [1]. Combined approaches have also been success-
fully applied [3].

In practice, simulation-based verification is still widely used to )
gain confidence in design correctness; this also applies to pipeline c completion bus
flow control. Kohno and Matsumoto describe in [5] a test pro-
gram generation tool which supports the verification of pipeline Figure 1: Example pipeline architecture with two pipes and one
design. Their approach requires a pipeline behaviour specification completion bus.
to be provided. Based on this specification their tool automatically
generates test cases. The pipeline behaviour specification contains
pipeline definitions comprising pipeline stages, corresponding data Which share one combined fetch/decode/issue stagelofiggipe
hazards, bypassing mechanisms and resource usage for each irlas two execution stages and one writeback stage, anshtre
struction category. Any additional stall conditions are specified in Pipe has one execution/writeback stage. The first stages of both
explicit stall definitions. Compared to the specification used in our PiPelines operate in lock stege progress is only made in syn-
approach, their pipeline behaviour specification is very similar, but chrony. Note that the pipeline stages in Figure 1 have been indexed
also much more detailed since it is describing the behaviour on in- starting from the fetch/decode/issue stages.
struction category level while ours is, except for instructions which ~ For our formal description we define the sets/types:
enforce an explicit pipeline stall, independent of the actual instruc- PIPE = {long,short}
tion set. The assertions obtained from our specification can easily PIPESTAGE= {1,2,3,4}
be added to existing test benches which, as we have experienced, . .
facilitates the integration of our method into an existing verification _FOr flow control purposes each pipe stage has a moomgmpty
environment. (mog flag, which propagates backwards to its predecessor and in-

In [6], Kroening and Paul introduce a tool that supports the de- Qicates whether the s_tage is moving forward on the next cycle or
sign of pipelined microprocessors from prepared sequential ma- 1S currently empW. It is used to deterr_nlne whether the_ stage will
chines which are later used as reference models. Prepared in thi?!0ck the preceding stage. If tieoeflag is set, the respective stage
context means, amongst other things, that the hardware of the orig-IS "€ady to take an instruction from the preceding stage on the next
inal sequential machine has been partitioned into pipeline stages.Ycle- Ifthemoeflag is clear, the preceding pipe stage gets blocked,

The design method of pipelining sequential architectures is further 1€ does not move forward on the next cycle; it stalls. _
explained in [7]. Under the assumption that a prepared sequen- Further, each pipe stage has a requaenove (tm) flag which

tial machine is given, they present a method that adds a stall en-Propagates forwar_ds to its successor and indicates whether the con-
gine and also forwarding logic. The correctness of the resulting {€NtS in that stage intends to move on. So when a stage does not re-
pipelined design with respect to the original sequential design is duire-to-move, it means either it is not valige(contains a pipeline

then proven with the theorem prover PVS [8]. Designers are ex- bubble) or, if valid it doe_s not need_to move into the next pipeline
pected to provide register mappings for the intermediate results of St2g€ (mostly because its processing finishes at that stage and no

all pipeline stages. Again, the logic description of the stall engine is WWriteback is required).

1
2
3
4

very similar to our functional specification. From our point of view BOOLEAN ps.moe
the tool proposed by Kroening and Paul is beneficial if the design BOOLEAN ps.rtm

is developed in a systematic sequential top-down refinement ap- where pe PIPE
proach. However, from our experience, a combination of top-down se PIPESTAGE

and bottom-up design is often necessary to meet the tight time-to-

market schedules engineers are faced with in practice. Our method A special (instruction-specific) flag, which can only be accessed
only requires a functional specification of the pipeline flow control in the fetch/decode/issue stage of theg pipe, indicates whether
logic. Sufficient information to develop a functional specification the machine is in a wait state.

is often avgile_lble early in th(_e design cydein the_ micro_architec-_ BOOLEAN opis.WAIT

tural description of the pipelined processor design. Like Kroening

and Paul we are ultimately aiming to generate HDL code for the = Our example architecture has eight registers. The register use is

pipeline flow control logic from our functional specification. recorded on an eight bit scoreboard, where the register address is
used to access the scoreboard bit-array. Each instruction has one

2. AN EXAMPLE CASE STUDY source and one destination register.

2.1 Example Architecture EEEQSZF}EEE}”O}

To demonstrate our method we introduce a simple pipelined mi-

croprocessor architecture. Alongside the architectural description BOOLEAN scf8]

we also informally introduce our modelling language by giving a REGADDRESS.fbo.r.regaddr

formal description of the features relevant to our analysis. where pe PIPE

Our example architecture comprises of two pifmesy andshort r ¢ SDREG
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¢((long.4.moe long.3.moelong.2.moelong.1.moe short2.moe short 1.moe)
(long.req A —long.gnt — —long.4.mog
(long.3.rtm A —long.4.moe— —long.3.mog
(long.2.rtm A —long.3.moe— —long.2.moe
((long.1.rtm A —long.2.moe
V op.is.WAIT
V =short1l.moe
V 3r : SDREG. Ja: REGADDRESSIong.1.r.regaddr=a A schja] A c.regaddr+ a)
— —long.1.mog
A (shortreq A —shortgnt— —short2.mog
A ((shortl.rtm A —short2.moe
Vv —long.1.moe
V 3r : SDREG. Ja: REGADDRESSshort1.r.regaddr=a A scha] A c.regaddr+ a)
— =short1.moe

> > > |

Figure 2: A functional specification describing the necessary pipeline stalls.

The final stages of both execution subpipes connect to a comple- long.req A —long.gnt — —long.4.moe
tion bus named; the shortpipe has higher priority for completion shortreq A —shortgnt — —short2.moe
than thelong pipe. Each pipe has a dedicated signal to request the ) ] o
completion bus. There is one grant signal for each pipe. To target Note further that the completion logiegthe arbitration scheme

a register the completion bus holds the target register's address. ~ Of the bus, can also be included in the functional specification. For
the sake of simplicity we will concentrate on thr@eflags only.

BOOLEAN preg, p.gnt To prevent hazards caused by overwriting, threg pipe’s inter-
REGADDRESS.egaddr mediate stages should stall when their preceding pipe stage stalls.
where pe PIPE

long.2.rtm A —long.3.moe— —long.2.moe

. . long.3.rtm A —long.4.m —=long.3.m
This concludes the example architecture. Note that the example ong 3.rtm A —long oe— —long.3.moe

processor is simpler than the FirePath in several ways. These in- |n the same way, a fetch/decode/issue stage should stall when the
clude the fact that FirePath is two-sided and has more and deepefespective issue pipe is stalled.

execution pipes than the example. Furthermore FirePath has sev-

eral pipeline decouple stages (shunts), interrupt logic and several long.1.rtm A —long.2.moe— —long.1.moe

completion buses. FirePath has been successfully verified with our short1.rtm A =short2.moe— —short1.moe

method. To keep the example comprehensible, however, we restrict . . . )

this paper to the given simple architecture. Further, if the machine is in a wait state then tbeg pipe can
not issue.

2.2 Specification .
op.is.WAIT — —long.1.moe

2.2.1 Functional Specification In addition, both théong and theshortpipe operate in lock step

Our aim is to demonstrate that the pipeline flow control allows during fetch, decode and issue.
maximum performance. By maximum performance we understand
that there are no unnecessary pipeline stalls. In the setting de- —long.1.moe— —short1.moe
scribed in Section 2.1 this means that there are no situations where —short1.moe— —long.1.moe
themoeflag is clear when it should be set.

We can start from a specification, which describes under which
conditions it is necessary to stall a pipe stage to avoid hazards. In
practice, this information is typically contained in the microarchi-
tectural description of the processor, and hence should be accessi
ble at an early stage during processor design. The following speci-
fication describes the individual constraints under which a pipeline
stall is necessary in our example architecture.

We start with the completion stages which compete for access to
the completion bus. A completion stage does not move on when it
does not win the grant to use the completion bus.

Note that the above two statements describe the logical equiva-
lence of themoeflags of the initial stages of both pipelines. We use
two implications instead of one equivalence. This makes our spec-
ification compositional with respect to individual pipeline stages,
which facilitates the maintenance of our specification.

If a source or destination register is outstanding then the instruc-
tion cannot be issued. A register is outstanding if it is on the score-
board,ie its scoreboard flag is set, and it is not bypassed,will
not be written to in the current cycle, which means it is not a com-
pletion target register.

Vp:PIPE. 3r : SDREG. Ja: REGADDRESS

long.4.rtm A —long.gnt — —long.4.moe p.1.r.regaddr=a A scha) A c.regaddr#a — —p.1.moe

short2.rtm A —shortgnt — —short2.moe

This statement completes our specification. To get a more com-

Note that for the completion stages the bus request flag should bepact description we can transform the above specification such that

set when thetm flag is set, which transforms the above statements there is exactly one statement for each pipeline stage as given in
to: Figure 2.
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(long.req A —long.gnt — —long.4.moe
(long.3.rtm A —long.4.moe— —long.3.mog
(long.2.rtm A —long.3.moe— —long.2.mog
((long.1.rtm A —long.2.moe
V op.is.-WAIT
V —short1.moe
V 3r : SDREG. Ja: REGADDRESSIong.1.r.regaddr=a A scha] A c.regaddr+ a)
— —long.1.mog
A (shortreq A —shortgnt < —short2.moe
A ((shortl.rtm A =short2.moe
Vv —long.1.moe
V 3r : SDREG. Ja: REGADDRESSshort1.r.regaddr=a A scha) A c.regaddr# a)
«— —short1.mog

> > > |

Figure 3: A maximum performance specification.

An assignment to the vector of movimg_empty flags compris-
ing

the specification obtained by changing alt in Figure 2 into—.

Because the focus of our project was on performance verifica-
tion, we only intended to verify the performance part of the com-
bined specification. In practice, it is common to use other verifica-
tion methods to gain confidence in the functional correctness of the
design.

To include the assertions into a testbench, what remains to be
done is to translate them into the HDL used for RTL design and
simulation. In addition, the signals referred to in the assertion need
to be connected to the corresponding signals in the RTL code of
the pipeline design. Close cooperation with designers is required
to ensure that the RTL signals have the intended semantics.

(long.4.moelong.3.moe long.2.moelong.1.moe
short2.moe short1.mog

satisfies this specification iff

F ¢(({long.4.moelong.3.moelong.2.moelong.1.moe
short2.moeshort1.mog).

2.2.2 Performance Specification

The functional specification in Figure 2 contains formulas of the
form condition— —moe whereconditionrepresents a disjunction
of the individual constraints that should lead to a pipeline stall.
Note that a violation of this specification occurs wleamditionis
satisfied, but thenoeflag is set, corresponding to a situation where SPECIFICATION
despite the condition holding, the respective pipeline stage signals In the previous section we gave an informal and intuitive under-
to its predecessor that it is either moving or empty, so it could be standing of the relationship between the functional and the perfor-
overwritten on the next cycle. The result is that the pipe is moving mance specification. The careful reader will have noticed that it is
even though it should not, which will cause a hazard. This corre- possible to satisfy our functional specification and yet never move
sponds to a functional bug; we therefore call a specification of the at all. There are, in fact, many possible implementations of this
above form dunctionalspecification. specification of varying performance. So we must ask which of

However, our aim is to identify cases where the pipeline stalls these specifications we require. Of course, we want the best one,
although it is safe to move on. Formally, this can be expressed ie the one which stalls least often. In this section, we will show
by specifying that -moeA —~condition should not occur, where  that the best solution exists and prove that it is derived by chang-
conditionrepresents a disjunction of all individual constraints that ing each— in Figure 2 into— as we have indicated to obtain the
should lead to a pipeline stall. This is logically equivalent to the combined functional and performance specification in the previous

3. DERIVING THE PERFORMANCE SPEC-
IFICATION FROM THE FUNCTIONAL

formula -moe— condition stating that if themoeflag is not set
then we would expecatonditionto hold. If conditiondoes not hold,

then we have indeed identified an unnecessary pipeline stall. A

specification containing formulas of this form will be calleger-
formancespecification.

section. In general, the best solution may be more complicated than
this but only if control flows in both directions along the pipeline.

3.1 Properties of the Functional Specification
We first establish some properties of the functional specification.

The performance specification that corresponds to the functional It is important that the functional specification can be provided in

specification introduced in Sectich2.1is given in Figure 3. It

a form that satisfies these properties; they are preconditions for de-

can be included into a testbench in the form of an assertion. Al- riving a maximum performance specification. Section 3.2 describes
ternatively, the performance specification can serve as a basis forhow the derivation is performed.

property checking; we have left property checking for future work.

2.2.3 Concluding Remarks on our Case Study

Clearly, the functional specification given in Sectidr2.1does
not uniquely determine the values that should be assigned to the
moeflags. Note for instance that our specification is satisfied if all

For obvious reasons, a design should satisfy both its functional moeflags are set to false.

specificationand its performance specification. Hence, the com-
bined specification would contain formulas of the fazamdition<—
—moe expressing that the pipeline stalls if and onlgdnditionis

F ¢((False False False False False False)) @)

satisfied. The combined pipeline specification thus corresponds to  Assigning false to almoeflags blocks the entire pipeline. But,



from a functional point of view, correctness is certainly preserved
when the pipeline stalls completely. This is why the specification
in Section2.2.1is called a functional (correctness) specification.

Note further that our specification can be split into two separate
pipeline specifications of the form:

¢((long.4.moe...,long.1.mog) =
1
/\ long.i.F (—long.i + 1.moe —shorti.mog — —long.i.moe
i=4
and

@((short2.moeshort1.mog) =

1

/\ shorti.F (=shorti 4 1.moe -long.i.mo§ — —shorti.moe

i=2
where the functiorF, which describes the individual stalling con-
straints, is constructed using only conjunction and disjunction (on
its argument variablesje it is monotonic With suitable indexing
the above specification can be further generalised to:

®((mog) = A((F)(~(mog) — ~(mog)
such that
(F)[i](=(mog) — —(mosi]
From the monotonicity oF it follows thatis disjunctivein the

sense that if two assignmentsnweflag vectors satisfypthen their
bitwise disjunction also satisfigs

= @((mog1)
- @((mog>)
F @({moé1 vV (moé>)

@)

where

(Moey 1)1 V (MO8 1)2 =
((mog1[n] vV (mogz(n]....,(mog1[1] vV (mog2[1])
Now we can show that:
F(=({mog1 v (mog2)) — —~((mog1 V (Mog2)

Assume: F @((moé1) which meansF(—(mog1) — —~(moe1
and @((moé&2) which means-(—(moé,) — —(moe-,.

Proof:
F(~((mog1 v (mog2))

= F(=(mog1 A ~(mog>)

—  F(=(moe;) A F(=(moéy) since
—(moé1 A ~(moe,
— —=(moeg
wherei € {1,2}
andF monotonic

—  =({mo&j A =(moey by assumption

=({mog1 v (mog>)

Properties 1 and 2 of our functional specification form the theo-
retical foundation for the derivation of the performance specifica-
tion. The two properties do not restrict the pipeline control flow
logic. Establishing the first property is trivial, since our specifica-

g.e.d.

stages, and exit at a completion stage or possibly earlier, the control
flows backwards, starting from the completion stages. For any such
pipeline the conditions which cause necessary pipeline stalls can be
specified by defining a suitable functiénwhich takes the negated
moving.or_empty flags as arguments. Monotonicity should be a
natural property of the resulting functional specification.

3.2 Derivation

To get a unique description of the values that should be assigned
to themoeflags to achieve maximum performance we need to add,
to the functional specification, the requirement that the desired set
of assignments tanoeflags is the most liberale the assignment
which makes morenoeflags true than any other.

It is important to prove that there is a unique most liberal as-
signment. To prove this we need to show that there is at least one
assignment possible; this is the one that sets all flags imteyec-
tor to false - see property (1), and that or’ing the individual flags of
two valid assignments results in another valid assignment; which is
established through property (2).

Under the assumption that the functional specification has these
two properties, the most liberal assignmentmoeflags, written
(MOE), can be obtained by disjunctively combining the individual
bits of all valid assignments tmoeflags.

(MOE) = \/(moe s.t.- @((moe)
F o((MOE))

Fixed-point iteration can now be applied to find the least stalling
solution. The resulting specificatiapi(MOE)) states under which
conditions mostnoeflags are setie how maximum pipeline per-
formance can be achieved. It establishes that, to get maximum per-
formance, each individuahoeflag should be assigned as follows:

©)

(MOE)[i] := ~(F)[i](=(MOE)) 4)

This confirms our intuitive approach from Sectidr?. 2and for-
mally establishes the relationship between the functional and the
performance parts of our combined specification.

It remains to show thafMOE) is indeed the solution that pro-
vides the maximum performance. We need to show that any valid
assignment tonoeflags is subsumed by the assignmenti®E.

Supposet- @((moe’).

Assume:(moe’[j] — (MOE)[j] for j > i under the given index-
ing. This assumption is based on the observation thatibeflag
of a final stage depends not oroeflags but solely on a completion
bus grant which is treated as a constarf in

We can now prove for eaahnoeflagi in the vector that:

(mog'[i] — (MOE)i]

Proof:
mog/i] — ~(F)li(~(mog’) by4
—  =(F)[i](-~(MOE)) F monotonic
— (OB by 4
Hence:

(moe’ — (MOE) g.e.d.

Note that the inductive proof above is possible because control

tion does not state anything about when pipeline stages do not stall flows, starting from the completion stages, to the respective prede-

To implement pipeline functionality that allows instructions to en-

cessor pipeline stages only. If control flows in both directions along

ter at the fetch/decode/issue stage, progress though the intermediatthe pipeline the best solution may be more complicated.



4, RESULTS tion 3.1. These properties are not restrictive, in fact they state what

Our aim was to identify possible performance bugs in the pipeline 0n€ would naturally expect when specifying pipeline control flow.
flow control logic of the FirePath processor. A performance bug, in  The simplicity of our approach is based on the fact that it relies
this context, is defined as an unnecessary pipeline stall. Using thePurely on a functional understanding of the pipeline flow control
architecture and microarchitecture manuals, and in close collabo-0gic, which many designers are familiar with at an early stage of
ration with designers, we investigated all constraints that stall the the design process. In addition, the specification is, except for in-
pipeline to preserve functional correctness, and wrote them down Structions which enforce an explicit pipeline stall, independent of
in the form of a functional specification that has the properties dis- the actual instruction set, allowing the control flow to be developed
cussed in Section 3.1. This specification is already a valuable ref- and verified in separation from the data flow. We have found that
erence for design engineers. We have shown how a maximum per-0ur method can already deliver useful results, even when the design
formance specification can be obtained from the functional speci- S not yet complete. _ -
fication. Ideally the combined specification is used as a basis for For this pilot project we have derived the performance specifica-
formal property checking. Alternatively it can be translated into tion manually. We are now working on a tool which, given a func-
testbench assertions which are checked during simulation. tional specification that has the properties mentioned in Section 3.1,

The specification of the FirePath pipeline design is now a perma- generates the corresponding performance specification and also Ver-
nent part of the processor’s testbench. It ensures that any modifi-109/VHDL assertions. This tool will form the first module of a
cations of the pipeline flow control logic preserve the initial intent, (Semi-)automatic pipeline flow control design environment. Ulti-
Even the best simulation is by no means exhaustive, hence the facthately, we would like to generate the HDL code that implements
that the assertions are not triggered during simulation does not im- the pipeline flow control logic from the functional specification.
ply that the design satisfies the specification. A more thorough ap- This is much more ambitious. Issues like timing and the intro-
proach is to use a property checking tool instead of simulation. Our duction of shunt stages to decouple pipelines if signal propagation
investigation has found that the specification can also be translatedtimes cannot meet cycle times need to be addressed. A project that
into statements that can be verified by property checkers. Running@ms to show that this is feasible is currently in progress.

a property checker means exhaustive verification and is therefore
preferable to simulation. 6. REFERENCES
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pipeline stalls is crucial to maximise pipeline performance and thus
obtain high processor performance. The aim of our project was to
develop a specification that detects and thus helps to prevent un-
necessary pipeline stalls.

We believe that our method can be applied to any pipelined mi-
croprocessor design that uses interlock logic to prevent hazards,
provided the functional specification of the flow control logic can
be given in a form that satisfies the properties detailed in Sec-
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