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Abstract. The trend in microprocessor design is to extend instruction-
set architectures with features—such as parallelism annotations, predica-
tion, speculative memory access, or multimedia instructions—that allow
the compiler or programmer to express more instruction-level parallelism
than the microarchitecture is willing to derive. In this paper we show how
these instruction-set extensions can be put to use when formally verify-
ing the correctness of a microarchitectural model. Inspired by Intel’s
IA-64, we develop an explicitly parallel instruction-set architecture and
a clustered microarchitectural model. We then describe how to formally
verify that the model implements the instruction set. The contribution of
this paper is a specification and verification method that facilitates the
decomposition of microarchitectural correctness proofs using instruction-
set extensions.

1 Introduction

Simple instruction sets were once the fashion in microprocessor design because
they gave a microarchitect more freedom to exploit instruction-level
parallelism [29]. However, as microarchitectural optimizations have become more
complex, their effect on microprocessor performance has begun to
diminish [5,7,9,31]. The trouble is that sophisticated implementations of im-
poverished instruction sets come at a cost. Superscalar out-of-order microarchi-
tectures [22], for example, lead to larger and hotter microprocessors. They are
difficult to design and debug, and typically have long critical paths, which inhibit
fast clock speeds.

This explains why microprocessor designers are now adding constructs to
instruction sets that allow the explicit declaration of instruction level parallelism.
Here are a few examples:

Parallelism annotations declare which instructions within a program can be
executed out of order. This feature appears in Intel’s IA-64 [5,8,12,15,24,34],
and indications are that Compaq [37] and others are exploring similar ap-
proaches.

Predication [2] expresses conditional execution using data dependence rather
than branch instructions. IA-64 and ARM [20] are examples of predicated
instruction-sets.
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Speculative loads [8] behave like traditional loads—however exceptions are
raised only when and only if the data they fetch is used. IA-64 and PA-
RISC [21] both support speculative loading mechanisms.

Multimedia instructions denote where optimizations specific to multimedia
computation can be applied. MMX [3], AltiVec [13], and 3DNow [14,32] are
examples of multimedia specific instruction-set extensions.

What do these new instruction-sets look like? How will we verify microar-
chitectural designs against them? These are the questions that we hope to ad-
dress. In this paper we develop a modeling and verification method for extended
instruction-sets and microarchitectures that facilitates the decomposition of mi-
croarchitectural correctness proofs. Using this method we construct a formal
specification for an instruction-set architecture like Intel’s IA-64; and a microar-
chitectural design that draws influence from Compaq’s 21264 [11] and Intel’s
Merced [34]. We demonstrate how to decompose the microarchitectural correct-
ness proof using the extensions from the specification. We then survey related
work, and propose several directions for future research.

2 OA-64: An Explicitly Parallel Instruction Set

In this section we develop a specification of an explicitly parallel instruction-set,
called the Oregon Architecture (OA-64), which is based on Intel’s IA-64. OA-64
extends a traditional reduced instruction set with parallelism annotations and
predication.

To see how these extensions fit into OA-64, look at Fig. 1 which contains an
OA-64 implementation of the factorial function:

– An OA-64 program is a finite sequence of packets, where each packet con-
sists of three instructions. Programs are addressed at the packet-level. That
is, instructions are fetched in packets, and branches can jump only to the
beginning of a packet.

– Instructions are annotated with thread identifiers. For example, the 0 in
the load instruction declares that instructions with thread identifiers that
are not equal to 0 can be executed in any order with respect to the load
instruction.

– Packets can be annotated with the directive FENCE, which directs the ma-
chine to calculate all in-flight instructions before executing the following
packet.

– Instructions are predicated on boolean-valued predicate registers. For exam-
ple, the load instruction will only be executed if the value of p5 is true in
the current predicate register-file state.

One way to view the parallelism annotations (thread identifiers and fences)
is with directed graphs whose nodes are sets of threads that occur between
fence directives. We call the sets of threads regions. The idea is that an OA-64
machine will execute one region at a time. In this manner, all values computed
in previously executed regions are available to all threads in the current region.



Formal Verification of Explicitly Parallel Microprocessors 25

101: r2 ← load 100 if p5 in 0

r3 ← r2 if p5 in 0

r1 ← 1 if p5 in 1

FENCE

102: p2,p3 ← r2 != 0 if p5 in 0

r3 ← r2 if p5 in 1

nop

FENCE

103: r1 ← r1 * r3 if p2 in 0

r2 ← r2 - 1 if p2 in 1

pc ← 102 if p2 in 2

104: store 401 r1 if p3 if 3

pc ← 33 if p3 in 4

nop

FENCE

Fig. 1. OA-64 factorial function.

For example, the first packet loads data into r2 and initializes the values of
registers r1 and r3. Because r3 depends on the value of r2, the load instruction
must be executed before writing to r3 — this is expressed by placing the same
thread-identifier (0) on the two instructions. The calculation of r1, however, can
be executed in any order with respect to the 0 thread.

The fence directive in packet 101 instructs the machine to retire the active
threads before executing the following packet. Assuming that packet 100 also
issues a fence directive, packet 101 forms its own region:
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r3 <- r2 if p5
r2 <- load 100 if p5

r1 <- 1 if p5

where boxes represent threads. Instructions within a thread must be executed in
order. Threads, however, can be executed in any interleaving-order with other
threads. Because packet 101 is a region the machine is required to synchronize
the state before executing the next packet.

Because packet 102 also issues a fence, it forms its own region:
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p2,p3 <- r2 != 0 if p5 r3 <- r2 if p5
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The comparison instruction sets the predicate register p2 to true if r2 is not
equal to 0. The value of p3 is set to the negation of p2.

Because packet 103 is not fenced, but packet 104 is, the next region is formed
from packets 103 and 104:
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r1 <- r1 * r3 if p2 r2 <- r2 - 1 if p2

pc <- 33 if p3
store 401 r1 if p3

pc <- 102 if p2

This region contains 5 singleton threads. Note that, if both p2 and p3 were
true, two threads would write to the program counter (pc) in an arbitrary order.
However, because p2 and p3 are the negation of one another, for a given run of
the region only one thread will write to pc.

Assignments to the program counter within a region are visible to the ma-
chine’s fetch mechanism only after a fence directive has been issued. That is,
assignments to pc tell the machine where to fetch from after executing the next
fence. Therefore, a trace of an OA-64 program can be viewed as an infinite path
through the finite directed graph formed by regions and their successors:
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p2,p3 <- r2 != 0 if p5 r3 <- r2 if p5

r1 <- r1 * r3 if p2 r2 <- r2 - 1 if p2

pc <- 33 if p3
store 401 r1 if p3

pc <- 102 if p2

r1 <- 1 if p5
r2 <- load 100 if p5
r3 <- r2 if p5

2.1 An OA-64 Specification

As is standard practice, we specify OA-64 as a state machine. However, rather
than a single monolithic machine, OA-64’s specification is the composition of
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functions from machines to machines:

oa64p = fntp ◦ cls ◦ prd ◦ risc

We call these functions state machine transformers.
Each transformer specifies an extension such as instruction caching, paral-

lelism or predication. The transformer risc, for example, ignores the incom-
ing state machine and constructs a classic reduced instruction-set. The instruc-
tions defined by risc are then predicated by prd. The parallelism transformer
cls then adds a notion of threads, thread identifiers, and synchronization. The
final transformer fnt builds a state machine with program memory, a program
counter, and instruction fetching.

Transformers accept and return state machines with the type constructor SM
in their type. SM Σ Γ ∆ represents the set of state machines with state Σ, input-
type Γ and observation-type ∆ (Σ, Γ , and ∆ are polymorphic type variables).
Given a state machine m :: SM Σ Γ ∆, three projections are defined:

– initialm :: Σ is the initial state.
– observem :: Σ → ∆ is an observation function.
– nextm :: Γ → Σ → {Σ} is a next-state relation indexed by Γ .

For example, the transformer prd, which has type:

prd :: BUBBLE ∈ Γ ∧ BIND Ψ Φ ∈ Γ ⇒ SM Σ Γ (Maybe (Ψ → Φ))→
SM (Prd St Ψ Σ) (Prd Instr Ψ Γ ) (Maybe (Ψ → Φ))

expects a state machine with an environment observation-type and returns a
new state machine with the same observation-type but slightly richer input- and
state-types. The type constructor Maybe adds a “bottom” element to a type:

Maybe (Ψ → Φ) = Nothing | Just (Ψ → Ψ)

That is, an environment of type Maybe (Ψ → Φ) is either available (Just f where
the value f has type Ψ → Φ) or unavailable (Nothing). The type constructor
Prd Instr, when given an instruction type Γ and register-type Ψ , returns a
type that represents tagged expressions that can be either register to predicate-
register moves (TO Ψ Ψ), predicate-register to register moves (FROM Ψ Ψ), or
instructions predicated by a predicate register (IF Γ Ψ):

Prd Instr Ψ Γ = TO Ψ Ψ | FROM Ψ Ψ | IF Γ Ψ | . . .

The type constructor Prd St, when given a state-type and register-type, returns
the state-type paired with the type that represents a predicate register file:

Prd St Ψ Σ = (Σ, Env Ψ Bool)

The function prd, found in Fig. 2, takes a state machine and uses its components
to build a new predicated state machine.
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prd m =
{ observe = λ(s, p). observem s
, initial = (initialm, emptyEnv True)
, next = λi. λ(s, e). if stallm s then (nextm BUBBLE s, e)

else case i of
BIND r w → (nextm (BIND r w) s, e)
| BUBBLE r w→ (nextm BUBBLE s, e)
| TO r r′ → (s, updateEnv e (r, readm s r′ �= 0))
| FROM r r′ → if readEnv e r′ then (nextm (BIND r 1) s, e)

else (nextm (BIND r 0) s, e)
| IF i r → if readEnv e r then (nextm i s, e) else (s, e)

}

Fig. 2. Predication state machine transformer

As is the case for prd, we have found that most transformers expect that
state machines make visible an environment and a stalling-bit. Let m :: SM Σ Γ
(Maybe (Ψ → Φ)), we can define the following functions on the states of m:

readm :: Σ → Ψ → Φ
readm = λs. case observem s of Just e→ e | Nothing→ undefined

stallm :: Σ → Bool
stallm = λs. case observem s of Just e→ False | Nothing→ True

The partial function readm when given a state of type Σ and a register reference
of type Ψ returns a value of type Φ.

Transformers usually expect that BIND Ψ Φ is an instruction in the
instruction-type that allows for the update of the environment. That is,

∀s, r, w. ¬stallm s⇒ readm(nextm s (BIND r w)) r = w

We also expect that a BIND cannot bring a machine out of a stalling state:

∀s, r, w. stallm s⇒ stallm(nextm s (BIND r w))

3 Columbia: An OA-64 Microarchitecture

This section describes the OA-64 microarchitecture—named Columbia—
pictured in Fig. 3. Columbia employs three independent execution clusters
(buffered execution pipelines); though, in principle, it could use many more clus-
ters. Columbia fetches packets from the instruction cache (ICache) and feeds
them to the clusters. In the case that a packet contains a fence directive, the ma-
chine stops fetching instructions until all of the clusters have been flushed. The
Route unit schedules fetched instructions into execution clusters based on their
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Route

RF

ICache

Cluster

Cluster

Cluster

pc

DCache

register reads and writes

memory loads and stores

Fig. 3. Columbia data paths— pictured with three clusters

thread-identifier (modulus 3). The fetch logic uses the register-file’s program
counter value. It determines, based on whether or not the machine is still ser-
vicing a fence directive, if the program counter should be used (i.e. the machine
has finished processing a region).

Like OA-64, we can construct Columbia’s formal model as the composition
of transformers:

columbiap = fntp ◦ cls′ ◦ prd′ ◦ pipeline
The transformer pipeline constructs a pipeline like that found in Hennessy &
Patterson [16]. Then prd′ adds a predicate register-file and appropriately locks
the pipeline in the case of an instruction stream like:

r2← · · · ; p2← r2

The transformer cls′ maintains three parallel buffered and pipelines. That is,
rather than finding one instruction to issue at each cycle, cls′ maintains an
instruction buffer for each pipeline from which it issues up to three instructions
in parallel every cycle.

4 Decomposing Correctness with Transformers

In this section we introduce transformer decomposition—which allows us to ver-
ify machines by point-wise verification of their transformers. For example, does
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pipeline implement risc?, does cls′ implement cls?, etc. We assume that the
correctness criteria, abstractly denoted as , is a reflexive and transitive relation
over SM (this could be trace containment [1], simulation [27], correspondence [38],
etc). We assume the existence of a family of transformers F that represent the
microarchitectural model, and transformers G that represent the architectural
model. We also assume that F1 . . . FK and G1 . . . GK are all defined up to some K.
In the case of OA-64 and Columbia, K = 4, F1 = pipeline, G1 = risc, etc.

If a model and its specification are the composition of state machine trans-
formers (i.e. K > 1), we can exploit this structure to decompose the proof of .
From F and G, we construct two indexed families of state machines M and N:

Mj = (Fj ◦ . . . ◦ F1) unit
Nj = (Gj ◦ . . . ◦ G1) unit

Proposition 1.
Fj  Gj ∧ . . . ∧ F1  G1 ⇒ Mj  Nj

where  is extended point-wise over functions:

f  g ≡ ∀x, y. x  y ⇒ f x  g y

Proof. By induction on j. If j = 0 then, by the reflexivity of , unit  unit. If
j > 0 then, by the inductive hypothesis, Mj−1  Nj−1. By assumption, Fj  Gj ,
meaning that:

Mj−1  Nj−1 ⇒ Mj  Nj

�

4.1 Using Uninterpreted Next-State Relations

When proving that  holds for two state machines at level j ∈ {1 . . .K}, we can
use uninterpreted functions to represent the composition of levels 1 to j−1. One
caveat: the implementation transformer, Fj, must be monotonic.

Proposition 2. ∀j ∈ {1 . . .K} where Fj is monotonic with respect to ,

(Mj−1  Nj−1) ∧ (Fj Nj−1  Gj Nj−1) ⇒ (Fj Mj−1  Gj Nj−1)

Proof. By the monotonicity of Fj, and by the assumption that Mj−1  Nj−1,

Fj Mj−1  Fj Nj−1

By assumption,
Fj Nj−1  Gj Nj−1

Therefore, by the transitivity of ,
Fj Mj−1  Gj Nj−1

�
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Notice the subtle difference (of one letter) between Fj Nj−1  Gj Nj−1 and
Fj Mj−1  Gj Nj−1. By Proposition 1 we need to show that Fj Mj−1  Gj Nj−1

for each j in the set {1 . . .K}. During the proof for a particular j, if you can use
the same state machine Nj−1 as arguments to both Fj and Gj , then the proof is
easier to construct. Why? Because the underlying next-state relation is shared
by the two machines Fj Nj−1 and Gj Nj−1. In pictures, Proposition 2 states that
for all machines x, x′, y, y′, and z:
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5 Related Work

5.1 Completion Functions

The approach to correspondence checking proposed by Hosabettu et al. [19]
replaces Burch & Dill’s flushing abstraction [4] with a composition of completion
functions—each of which contains knowledge about how a pipeline stage behaves.
For example, the abstraction function for a DLX pipeline [16] might be

observem ◦ IF ID ◦ ID EX ◦ EX WB

which results in the commuting diagram:
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nextn i

����������a′
EX WB

����������x′
1 ID EX

����������x′
2 IF ID

����������x′
3 observem

����������b′

P1, P2 and P3 assert properties about the effect that pipeline stages have on
the implementation state. For example:

P1 x y ≡ observem(nextm i x) = observem(EX WB y)

Therefore, the proof is decomposed into the obligations P1, P1 ⇒ P2, and
P2 ⇒ P3. Transformers are quite similar to completion functions: whereas a
completion function modifies the behavior of a next-state relation, a transformer
modifies behavior and changes the structure of the next-state relation’s state.
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5.2 Compositional Reasoning

Transformer decomposition involves reasoning about the composition of “higher-
order” state machines—which, to our knowledge, is new to the literature on pro-
cessor verification. However, reasoning about the parallel composition of state
machines is not new [26]. For example, the Pentium III’s microarchitecture
(called P6) [10] could hypothetically be modeled as three concurrent processes
(for some assembly-language program p):

p6p = inst fetchp ‖ reorder buffer ‖ res station

that communicate through shared state. If run in isolation, res station’s inputs
would be non-deterministicly assigned. When run in conjunction with other pro-
cesses, res station’s inputs would be assigned by inst fetch and
reorder buffer.

Suppose that p6’s specification could also be developed as: the composition
of parallel processes:

x86p = F ‖ R ‖ E
Showing that inst fetch  F, reorder buffer  R, and res station  E
would be sufficient to show that p6  x86, however its difficult to prove proper-
ties about processes in isolation. The assume-guarantee principle [35] provides a
more useful form of decomposition:

(q1 ‖ p2)  p1 ∧ (p1 ‖ q2)  p2 =⇒ (q1 ‖ q2)  (p1 ‖ p2)

Assuming that the surrounding context meets its specification, if each process
in the model is proved to meet the process’ specification then the model meets
the specification. When the assume-guarantee principle is applied to p6  x86,
the proof is decomposed into cases such as:

(inst fetchp ‖ R ‖ E)  F

Like transformer decomposition, the assume-guarantee principle is valid if 
denotes trace containment or simulation [17].

5.3 Intermediate Models

In a proof that cls contains the traces of cls′ we constructed an an interme-
diate model which simplified the construction of a simulation relation. This is
a common approach in microarchitecture verification. For example, when relat-
ing microarchitectural models to their specifications, it is often helpful to carry
around more state than necessary using auxiliary models. Sawada & Hunt [30]
built a microarchitectural model that includes a trace table to record the be-
havior of speculative execution, internal exceptions and external interrupts. The
model does not use the trace table to make decisions—only to record the past.
Sawada & Hunt then established microarchitectural correctness by demonstrat-
ing properties about the trace table.
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Abstract models are sometimes used to reduce the complexity of microarchi-
tectural models. That is, an abstract model is constructed from the microar-
chitecture with a simpler and more general next-state relation. The concrete
next-state relation is then proved to meet the specification of the abstract one,
and it is then shown that the intermediate abstraction implements the specifi-
cation. Damm & Pnueli [6] and Skakkebaek et al. [33] both use this technique.

5.4 Other Extended Instruction-Sets

The instruction set of the Java virtual machine [25] includes facilities for multi-
threaded execution. However, to date, the formalizations of the Java virtual
machine have concentrated on type-safety ([28], for example) or have assumed
a single-threaded semantics (such as [36]).

Jones et al. [23] and Ho et al. [18] have both based case studies on a dual-
issue VLIW microprocessor—called the protocol processor—which is found in the
Stanford FLASH multiprocessor. The published papers, which focus on validity
checking and test-case generation, do not provide many details on the formal
specification of the extended instruction-set.

6 Discussion

In this paper we have demonstrated that instruction-set extensions, when mod-
eled as state-machine transformers, can be used to decompose the proof of a
correctness relation on extended state machines. In the future we hope to pur-
suit research in the following directions:

Architectural relevance: Beyond parallel and predicated instructions, what
can transformers specify? We should explore the boundaries by developing
transformers that specify other architectural phenomena such as multimedia
extensions, operating system support instructions, speculative loads, rotat-
ing register-files, etc.

Microarchitectural relevance: The microarchitectural transformers that we
have thus far developed are not very exciting. We should demonstrate that
transformers, and the theory that facilitates their decomposition, can model
microarchitecturally interesting optimizations—such as branch predication,
or trace caches. In cases where optimizations break the “transformer barrier”,
we should develop techniques for constructing and verifying intermediate-
level models with large K-values against microarchitectural models with
lower K.

Correctness relations: It is tempting to believe that properties (such as re-
flexivity or transitivity) are maintained when lifted point-wise on functions.
Unfortunately this is not so. We should develop techniques to characterize
sets of transformers over which the lifted relations have useful properties.
For example, it can probably be proved that any transformer that is com-
pletely polymorphic in its state-type is monotonic with respect to simulation.
Simulation lifted to the set of transformers with polymorphic state-types is
then a reflexive order.
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Connections to existing techniques: We should demonstrate that other
popular techniques—such as symbolic model checking, symmetry reduction,
abstraction, or compositional reasoning—can be used on decomposition obli-
gations. For example, can we use symbolic model checking and uninterpreted
functions to build refinement mappings between prd′ and prd? As in McMil-
lan’s correctness proof of a Tomasulo-based model [26], can we use a sym-
metry argument to show that any number of clusters in cls′ correctly im-
plement cls? Rather than composition with fnt, is parallel composition the
right way to specify the front-end of the machine? For example:

oa64p m = inst fetchp ‖ (cls ◦ prd ◦ risc) m

Automation and structuring techniques: We should explore the existence
of new automation and structuring techniques for transformer verification.
For example, for certain fixed correctness relations, such as correspondence,
we might develop special techniques that help automate or structure verifi-
cation.

Liveness properties: We should investigate how the addition of liveness prop-
erties would effect transformer decomposition.
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