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Abstract

Our ability to verify complex hardware lags far behind
our capacity to design and fabricate it. We argue that this
gap is partly due to the limitations of RTL models when used
for verification. Higher level models such as SystemC and
SystemVerilog aim to raise the level of abstraction to en-
hance designer productivity;, however, they largely provide
for executable but not analyzable descriptions. We propose
the use of formally analyzable design models at two dis-
tinct levels above RTL: the architecture and the microarchi-
tecture level. At both these levels, we describe concurrent
units of data computation termed transactions. The archi-
tecture level describes the computation/state updates in the
transactions and their interaction through shared data. The
microarchitecture level adds to this the resource usage in
the transactions as well as their interaction based on shared
resources. We then illustrate the applicability of these mod-
els in a top-down verification methodology which addresses
several concerns of current methodologies.

1 Introduction

Hardware verification is increasingly recognized as a
major limiting factor in modern complex designs. This
is reflected in the so-called “verification gap” between the
growth rate of designs that can be reasonably verified and
designs that can be fabricated [4]. While the primary con-
tributor to the verification gap is the complexity of exploring
state spaces exponential in the number of state elements, a
less recognized contributor is the absence of a widely appli-
cable verification methodology. Though we have a number
of verification techniques and tools - functional simulation,
emulation and various flavors of formal verification - we
lack a useful methodology which lets us efficiently deploy
them in a structured manner to provide a useful notion of
completeness or even coverage of verification. We argue
that a large contributor to this is the inappropriateness of
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popular design models and design flows for this purpose.
1.1 Inappropriate Design Modeling

Register-Transfer-Level (RTL) models written in Ver-
ilog/VHDL have functional semantics as well as detailed
structural and timing information. However, the RTL does
not easily yield information on how the high-level compu-
tation being carried out by the design gets mapped to the
implementation. Given an RTL design, it is also very dif-
ficult to reverse-engineer the algorithm being implemented
by the design at the level of computation on units of data.
Having such high-level information is often critical in prac-
tice for verifying the correctness of the design.

Since RTL cannot be used successfully for high-level
specification, some other description must be used for this
- generally an informal natural language document. Such
non-analyzable specifications render us unable to precisely
answer the question: “What do we need to verify?” This
is reflected in difficulty in deriving testbenches for designs,
as well as in the difficulty of automating verification using
formal verification tools.

More recently, specification languages such as For-
Spec [2], etc. have been developed to specify temporal prop-
erties as assertions which can then become part of the spec-
ification. However, these are at best partial specifications.

There is a push to move design to levels of abstraction
above the RTL, using languages like SystemC [27] and Sys-
temVerilog [26]. This can potentially increase designer pro-
ductivity. However, high level models in these languages
are largely executable models for use in simulation. This
has two serious limitations. First, it is difficult to automate
the formal analysis of the state space of these models. Thus,
testbench creation is manual and their use in formal verifi-
cation is limited. Second, even though SystemC provides
for a stack of levels of abstraction with increasing levels of
design detail [27], there is no easy way to automatically re-
late models at different levels of abstraction. Thus, while a
design with a greater level of detail may be a refinement of a
more abstract design, there is no formal connection between
the two descriptions.



It is well recognized that concurrency is at the heart of
verification complexity. Once the various sources of con-
currency are separated, formal verification techniques such
as model checking [8] hold the promise of detecting sub-
tle interactions between concurrent components through ef-
ficient state space traversal. Thus, capturing concurrency
cleanly is a key requirement for any verification-directed
modeling technique. In this regard, there is a practical dis-
tinction to be made between shared data and shared physi-
cal resources. The interactions due to the shared data arise
because of the concurrency in the computation algorithm,
while the interactions of the shared resources are due to its
eventual implementation.

2 Data Computation based Modeling

The previous section argued that the following character-
istics are useful in a modeling framework directed towards
verification:

e It should be able to describe behaviors/specifications

in terms of computation on units of data.

e It should provide for a concurrency description that
separates concurrent interactions due to shared data
from those due to shared resources.

e It should be easy to relate models across multiple lev-
els of the framework during the design process.

e It should be formally analyzable.

We now describe a modeling framework with these char-
acteristics. It provides for modeling at two separate levels
above RTL - the architecture and p-architecture levels.

While the proposed modeling framework will have some
underlying model(s) of computation (MoC), this is not the
focus of this work. The emphasis is on the semantic layer
above this that encapsulates hardware design and design
flow characteristics. It is this that can be exploited in vari-
ous verification tasks.

2.1 Architecture Level

The architecture level describes the concurrent algo-

rithm. It describes the:

e Concurrent components: Each concurrent compo-
nent, called a transaction, performs a single well-
defined computation on units of data. Transactions
have clear starting and ending points and always ex-
ecute as indivisible units. Thus, a transaction is a “unit
of work™ (e.g. [14]) and serves as a partial specification
of the computation being done. For example, in a pro-
grammable processor, at the ISA level, the instruction
is a transaction which describes how architectural pro-
cessor state is transformed. For a speech/image/video
processing algorithm, a transaction may be the algo-
rithm to process a frame.

e Data interactions: All interaction between different
architectural transactions is through shared data. There
may be different forms of these interactions. Consider
a producer-consumer interaction in a signal-processing
design. This form of decoupled interaction is mod-
eled in known data flow models such as Kahn Process
Networks [15] (as well as in our model) using queues.
Coupled interactions such as through a shared variable
in a multi-threaded program are modeled using gen-
eral shared memory. A single design may have both
coupled as well as decoupled forms of interaction.

The architecture level does not model physical resource

constraints. Thus, it is free of many details of the algorithm
implementation and serves as a functional specification for
the design - how the different components transform and
share data. This generalizes the notion of architecture de-
scriptions to beyond programmable processors.

2.2 p-Architecture Level

The p-architecture level describes how the concurrent al-

gorithm is implemented. It describes the:

e Concurrent components: As in the architectural
model, these are the concurrent transactions. However,
due to various resource interactions between trans-
actions, transactions no longer execute as indivisible
units, and can get blocked when waiting for resources.
Thus, not only is the concurrency constrained by true
data dependencies, but also by resource availability.

e Data interactions: As at the architecture level, the
data interactions can be coupled or decoupled.

e Resource interactions: The primary addition at the
p-architecture level is how the transactions use re-
sources during the computation. These resources may
be shared by multiple transactions. The model de-
scribes how resources are requested and arbitrated.
This is done by associating a resource manager (an ar-
biter) with each resource for which requests are made
by the transactions. This is related to the concept of
token managers in the OSM model [25].

This generalizes the notion of u-architecture descrip-

tions to beyond programmable processors.

2.3 RTL

This paper focuses on the models at levels above RTL,
specifically the architecture and p-architecture levels. It is
important to review how RTL differs from the above two
levels, especially the p-architecture level. Both may be
viewed as “hardware implementations” of the algorithm.
However, we claim that while RTL describes the “hard-
ware” it does not describe how this is an “implementa-
tion” of the algorithm. It is precisely this gap that the u-



architecture model fills. It describes the “implementation”
of the algorithm in terms of how the individual transactions
are implemented, by describing what resources are used in
each step of the transaction and how these are shared. Thus,
it relates the algorithm to the hardware - something that is
not there in either the algorithm or the RTL. In existing ver-
ification methodologies this gap between the algorithm and
the hardware is completely bridged by human intervention
and this is a major limitation.

We do see a role for RTL in the design flow, and that is
serving as the starting point for logic and physical synthesis.
A given p-architecture model may be compiled to an RTL
model by synthesizing the control logic needed for sequenc-
ing through its transactions as well as for implementing the
resource arbiters. While this will undoubtedly open up new
optimization problems, control synthesis has been very well
studied and overall this compilation seems manageable.

3 Architecture Model

The  architectural level captures the func-
tional/algorithmic aspects of the computation and breaks
the computation up into “units of work” called transactions.
Transactions execute concurrently and interact via data
present in shared architectural state.

A simple pipelined processor will be used as a running
example for the purpose of illustration. The instructions are:
(i) addition, (ii) conditional branch, and (iii) load and store.
The instruction and data address spaces are separate.

3.1 Architectural State and Transactions

Definition 3.1 An architectural state element S is one of the
following: a register r, an indexed memory M[i), or an un-
bounded queue Q. A register r provides for storage and re-
trieval of a single value. A memory M is a finite (possibly
unbounded) sequence of registers, with M[i] being the i"
register in the sequence. A queue Q provides for storage of
multiple values using the usual FIFO semantics. In addi-
tion, each state element may have a value type, e.g. bool or

bounded/unbounded integer.

More generally, the set of architectural state elements
need not be limited to registers, memories or queues, and
can be expanded to include other abstract data types. Each
type of state element has a set of operations defined on it,
e.g. queues support the push, pop and top operations
which may update state. Certain combinations of opera-
tions may not occur together, e.g. two simultaneous writes
to the same register cause a conflict.

In the processor example in Fig. 1(a), the architectural
state consists of a register pc for a program counter, and
indexed memories Reg, Mem_inst, and Mem_data for the

register file, instruction, and data memories, respectively.
Reg is a bounded memory with 128 entries. The value types
in all the state elements are fixed bit-width unsigned inte-
gers. Initial values can be assigned to each architectural
state element, e.g. here the pc is initialized to 0.

Each transaction is modeled as a transaction graph
which describes the steps of the computation (called ‘trans-
action steps’) as well as the flow of control between these.

In addition to the architectural state, a transaction can
use local state elements which have a lifetime equal to the
lifetime of the transaction. In the processor example, opl,
op2, iw and result (Fig. 1(a) ) are local transaction states.

Definition 3.2 A transaction step o is a pair (A, 3s),
where Ay = {01,02,...,0|a,|} is a set of concurrent state
updates and 3, = {p1,p2,...,p|s,|} is a set of Boolean
predicates on state elements.

The execution of a transaction step involves the follow-
ing sequence of steps
1. The set of concurrent state updates A, is carried out.
2. The Boolean predicates in J, are evaluated. These
predicates are used to determine the control flow
within the transaction graph.

As an example of a transaction step, consider the step la-
belled D in the transaction graph shown in Fig. 1(b). There
are two parallel state updates (assignments to registers op1
and op2) and four predicate assignments in this step. Dur-
ing the execution of step D, the two operand indices are
decoded, accessed from the register file, and assigned to the
transaction’s opl, op2 registers. The Boolean predicates
is_add, is_branch, etc. are assigned as per the result of
the instruction decoding.

Definition 3.3 A transaction graph I' = (X, F) is an edge-
labeled directed graph. The vertex set Y. is a set of trans-
action steps with a unique source vertex Ggiqart € 2 and a
unique sink vertex genq € . The edges out of each step
o are {e1, €2, ..., € outedges(o)|} © E. Each ey = (o,0%)
is labeled with a predicate pi, € B,. The predicate p; is
always true for all transaction steps.

The transaction graph describes the execution of a trans-
action as follows: Execution of the transaction begins in
Ostart- After a transaction step o executes, the values of the
predicates in (3, are used to determine the next step gpeqt
to execute as follows: the step 0,eq: 1S pointed to by the
out-edge ey, of o where k = max{k : py is true}. Thus,
the edges are prioritized and the highest priority edge with
a true predicate is taken. Since p; is labeled true, this least
priority edge will be taken if none of the other predicates
evaluates to true. This process is repeated until the execu-
tion eventually reaches gy, q4.

For the transaction graph in the processor example,
Fig. 1(b), one possible execution occurs as follows. There



architectural state
pc:reg<uint<64>>«—0
Reg : memory<128 entries, uint <64>>
Mem_inst : memory<uint<64>> «— code

Mem_data : memory<uint<64>> «— data true

local transaction state
iw : reg<uint<16>>
op1, op2, result : reg<uint<128>>

(2)

05[3"

iw «— M_inst[pc],
pc«—add (pc, 1);

op1«— Reg[decode_src1 (iw)],
op2 «—— Reg[decode_src2 (iw)],

is_add = (decode_itype (iw) == add),
is_branch = (decode_itype (iw) == branch),
is_load = (decode_itype (iw) == load)
is_store = (decode_itype (iw) == store);

is_store

Mem_datalf,

w (0p1, decode_immediate(iw))] «— Reg[decode_dst (iw)];

is_load

Reg[decode_dst (iw)] «— Mem_datalf

wu (0p1, decode_immediate(iw))];

end

WB

result «—f

o (0p1,0p2, +_op); Reg[decode_dst (iw)] «— result;

is_branch

pc«— ITE (op1 == 0, add (pc, decode_immediate (iw),
add (pc, 1));

(b)

Figure 1. Architectural transaction class for the pipelined processor — (a) state (b) transaction graph

is only one out-edge from o4+ Which by default has the
predicate t rue on it. The executing transaction follows this
edge into step F' which performs instruction fetch. Another
default edge takes us to D which performs the instruction
decoding. The next step to execute is determined by the
values of the predicates is_add, is_branch, etc. and the
priorities marked on the out-edges of D. (The least prior-
ity edge out of D points to an error-handling state Z if the
instruction is of unknown type.) Supposing the processor
decoded a store instruction, the third transaction step will
be Xstore- From there, the default edge out of X0 leads
to 0eng and the transaction finishes execution.

Definition 3.4 A transaction class T' is a tuple (T',S),
where I is a transaction graph, and S is a set of local state
elements which only I may update.

A transaction class is merely a template defining a trans-
action. Every time a transaction executes, a new transaction
instance is created along with a new set of local transaction
states and starts execution from o 4¢. A transaction in-
stance can make progress out of os.4,¢ only when there is
at least one true predicate in f3,_,,,, on an edge that leaves
Ostart (1.€. nOt a self-loop). Since og,,+ always executes
upon instantiation of new transactions, it should not modify
shared state. In Fig. 1(b), the only out edge from o 14,+ has
the predicate true on it, and the transaction can always
make progress from ogq¢-

3.2 Architecture Model and Semantics

Definition 3.5 An architecture model A is a pair (S,7T),
where S is a set of shared architectural state elements and
T is a set of transaction classes.

For the processor example, 7 contains a single transac-
tion class for an instruction, and S specifies the architec-
tural register and memory state. For multiple processors,
the model will consist of one transaction class for each pro-
cessor, and include the shared memory in the state elements.

Thus far we have described the instantiation of transac-
tions, the semantics of execution of a transaction step, and
the flow of control between the transaction steps during the
execution of a transaction. We now examine the semantics
of the concurrent execution of multiple transactions.

A transaction in the architectural model is indivisible,
i.e. if a transaction executes, then it executes all the way to
the end. An instantiated transaction, 7} may execute simul-
taneously with another instantiated transaction 75. In this
case, both transactions see the architectural state as it was
before the start of both transactions. Thus, any updates by
T, are not seen by 75 and vice-versa. Further, 77 and T,
cannot execute simultaneously if a state update operation in
Ty conflicts with a state update operation in 75 e.g. if both
write to the same register. Conflicting transactions cause an
execution error. For non-conflicting transactions, the archi-
tectural state updates at the end of execution of 73 and 7% is
the union of their updates.



The architectural model allows for flexibility in the con-
currency model. Transaction classes may be synchronous,
i.e. all instantiated transactions execute simultaneously,
asynchronous, i.e. any subset of instantiated transactions
executes simultaneously, or a combination of these tim-
ing disciplines with transaction classes partitioned into
synchronous sets and asynchronous execution across sets.
Strict interleaving semantics correspond to asynchronous
execution with subsets of size 1.

Given the model (7,S), and initial values for all state
elements, a simulation procedure for the asynchronous con-
currency model is as follows:

while true do

B «— {t:t=instance(T), T € T}

execute step oyt forall t € B

A — {t : t can progress from ogart, t € B}
if A = ¢ then break

A — pick_non_empty_subset(.A)
execute(A)

end while
In each iteration, the simulation scheduler non-
deterministically picks any non-empty subset of the
instantiated transactions which can make progress. The
procedure execute(.A) then executes all transactions in A
simultaneously. This allows for all possible interleavings
of all possible subsets of enabled transactions.

4 p-Architecture Model

Concurrency in the architecture model is determined by
the availability of data values. Concurrency in an im-
plementation is further constrained by the availability of
shared resources. These constraints are captured in the p-
architecture model by modeling physical resources as well
as introducing the notion of resource managers which arbi-
trate the use of the limited shared resources.

4.1 Resources and Resource Managers

Definition 4.1 A resource p is a token which represents
some aspect of the underlying physical hardware.

Definition 4.2 A resource pool R is an indexed collection
of resources. A resource can belong to exactly one resource
pool. Typically, the resources in a resource pool control
access to the same/related hardware functionality.

The examples given below illustrate these definitions.

e In a pipelined processor, the arithmetic logic unit
faru is shared by multiple executing transactions (in-
structions). This function can be used by a transaction
only after it has obtained the p 4y resource to gain
exclusive access to faru.

e Consider a register file Reg in a processor which
has two read ports. Then each state operation read
on Regl[i] has to first acquire either the resource

PreadReg-1 OF PreadReg_2-
We use the functional notation II(Regli].read) =

{{pTeadReg_la pTeadReg_Q}} to denote that in order for a

transaction to carry out operation Regli].read success-
fully, it must first obtain some resource from the pool
{preadreg 1, Preadreg_2}. In general, II(obj) returns a set
of resource pools, such that owning a resource from each of
the resource pools is sufficient for using obj.

Definition 4.3 A resource manager M associated with a re-
source pool R is a finite state machine whose inputs are re-
source requests and whose outputs are resource grants. M
allocates resources in R to transactions requesting R, ac-
cording to some allocation policy. Each resource manager
acts independently of other resource managers. The same
resource manager may be associated with more than one
resource pool.

During its execution, a transaction acquires a resource
p by making a request to the resource manager for the re-
source pool containing p.

In the processor example, we use stalling to avoid read-
after-write (RAW) hazards between pipelined instructions.
For each of the 128 registers in the Reg register file, we in-
troduce a resource pool with a single resource p; which is
required for any read operation on that register. The col-
lection of resource pools {{p1}, {p2}, ..., {p128}} is man-
aged by a register file resource manager GG as below:

for all 7 do

if p; is free then grant p; to requesting 7'

end for
The transaction 7" which wishes to write to register location
1 must obtain the resource p; during the D step, and p; is
retained with 7' till it finishes writing to Reg[i] in the W B
write-back step. During the resource arbitration phase, the
manager G grants the register resource to the the requesting
transaction only if it has not been already allocated. Thus,
any following instruction which might cause a RAW hazard
will stall in the D stage.

(Note that transactions maintain a data-stationary [16]
view of computation, i.e. each transaction describes the var-
ious computation steps on the same unit of data. The re-
source managers have a time-stationary [16] view and de-
scribe the control associated with sharing resources between
transactions at each point in time.)

4.2 p-Architectural State and Transac-
tions

The p-architecture level uses the same state elements as
the architecture level. The main difference between the p-



microarchitectural state
pc:reg<uint<64>>«—0
Reg : memory<128 entries, uint <64>>
Mem_inst : memory<uint<64>> «— code
Mem_data : memory<uint<64>>«— data
flush : reg<bool>

local transaction state
iw : reg<uint<16>>
pc_inst : reg<uint<16>>
itype : reg<add | branch | load | store>
srci, src2, dst : reg<uint<2>>
immediate : reg<uint<8>>
target : reg<uint<16>> o
op1, op2, result : reg<uint<128>>

flushi
?, flushing

iw «— Mem_inst[pc],
pc«— add(pc, 1),

pc_inst — pc;

src1 «— decode_src1(iw),
src2 «— decode_src2(iw);

flushing = flush dst «— decode_dst(iw),

op1 «—— Reg[src1],
op2 «—— Reg[src1];

flushing = flush; is_add = (itype == add),

is_branch = (itype == branch),
is_load = (itype == load),
is_store = (itype == store)

flushing = flush;
H={p,}

flushing

itype «— decode_type(iw),
immediate «—— decode_immediate(iw),

is_store

target —

f,o (0p1, immediate);

Mem_datal[target] <— op2

is_load

result «—
Mem_dataltarget];
H= (Pd;r} end

target —
f,, (0p1, immediate);

H={p,}

result «— f,

wwlopl, 0p2);
H=1{p,}

is_branch

flush «— (op1 ==true);

taken = flush

flush — false,
pc «—— add(pc_inst, immediate);

(®)

Figure 2. u-Architectural transaction class for the processor — (a) state (b) transaction graph.

architectural and architectural state is in how the resources
associated with the state constrain the use of the state el-
ements by p-architectural transactions. If there is a state
resource associated with a state operation, then no transac-
tion step can carry out that operation on the state element
unless it possesses the corresponding state resource.

In the processor example in Fig. 2(a), the p-architecture
state consists of pc, Reg, Mem_inst, Mem_data and flush.
This is a superset of the architectural state. The additional
register flush is used as a signal to other in-flight trans-
actions to conditionally cancel instructions speculatively
started in the midst of a branch instruction.

The basic unit of execution at the p-architectural level is
a transaction step.

Definition 4.4 A transaction step o is a 3-tuple
(Ag, Bo, Hy), where Ay, = {01,02,...,0a,} is a
set of concurrent state updates, 3, = {p1,p2,...,D|,|} is
a set of Boolean predicates and H is a set of resources. All
the p; € (3, involve only local state variables and functions
with no associated function-resources. The resources in H,
are retained after the transaction step completes execution.

Let X be the set of all architectural state operations
which are involved in A, above, and F be the set of all
functions referenced in A,. Then, in order to be able to ex-
ecute the step o, the transaction must already have obtained

all the resources in II(A,) = II(X) UII(F) U H,. (Other
resources such as buses may be similarly acquired.)
Executing a transaction step ¢ involves the following:
1. Place resource requests for II(A,) \ P where P is the
set of resources the step already possesses
2. Wait for the grants from the resource managers
3. Add newly obtained resources to P
4. If II(A,) € P, release all newly acquired resources
and end execution. (Execution will be retried later.)
5. If TI(A,) C P, first execute A, then evaluate predi-
cates (3, and finally release all resources r ¢ H,.
Transaction graphs and transaction classes are defined
as in Defns. 3.3 and 3.4. Since many instances of the same
transaction class can execute concurrently, each transaction
class also defines an integer max_instances which is the
maximum number of new instances of type T which can get
created at a time. As before, the execution of the transaction
begins in gg4t. From a step o, the next step to execute
is determined by following edge e; out of o where k =
maz{k : py is true}. This continues until o, is reached.
Fig. 2(b) illustrates the p-architectural transaction graph
for the processor example. The execution steps for the
memory instructions are split into address computation and
write-back steps. The f4r i resource pool is accessed dur-
ing the execution stage of the load, store, and add instruc-
tions. There is a register write-back stage common to the



add and load instructions. Branch execution takes two steps
because the flush signal (for when the branch is taken) is
communicated through shared memory, and needs to be re-
set. When a branch is determined to be taken, only transac-
tions in the fetch and decode step are speculative and need to
be canceled. The box in Fig. 2(a) lists the local transaction
state elements which keep instance-specific information.

4.3 p-Architecture Model and Semantics

Definition 4.5 A p-architecture model is a 4-tuple
(R,M,S8,T) where R, M, S and T are sets containing
(in that order) resource pools, resource managers, shared
w-architectural state elements and transaction classes.

At the architecture level, a transaction is an indivisible
unit, and the semantics describe which transactions can ex-
ecute concurrently and how concurrent state updates are
performed. Since the p-architecture model deals with the
implementation, at this level, transactions may interact at a
finer granularity. Thus, at this level, it is more natural to
have the transaction step as the indivisible unit.

The p-architecture model allows for flexibility in the
concurrency model. The transaction steps which have ob-
tained the required resources may execute synchronously
i.e. they simultaneously perform their state updates, asyn-
chronously i.e. any subset of them may simultaneously per-
form their state updates, or a combination of these timing
disciplines where transaction classes are partitioned into
sets and state updates are synchronous within a set and
asynchronous across sets. Strict interleaving semantics cor-
responds to asynchronous execution with subsets of size 1.

When two steps are simultaneously updating their state,
the state seen by both steps during the update is the state as
of the start of this simultaneous execution, so no changes in
the states are visible outside a transaction till the end of the
execution of these steps. As with the architecture model,
conflicting operations on state elements such as multiple
writes to the same location cannot happen simultaneously
and cause an execution error.

A simulation procedure for the model (R, M,S,7) is
given here for the fully synchronous case. The simula-
tion begins with an initialization phase which schedules the
Ostart Steps of all transaction classes with an empty set of
resources associated with them.

B— ¢

forall T € T do {instantiate initial}

for 1 < k < T.max_instances do
stepy, «— Ostart(instance(T'))
B «— BU stepy,
resources(stepy) <« ¢
end for
end for

The main simulation loop has two phases. In the resource
arbitration phase, each step requests resources and the re-
source managers allocate resources. In the state update
phase, those steps which succeed in obtaining the required
resources (i.e. all step € A below) carry out all their state
updates in parallel (execute(A 4) below), and determine
the next steps to be scheduled for execution.

while B # ¢ do
for all step € B do {ask for required resources}
step.place_requests(II(Agep) \ resources(step))
end for
for all M € M do
M.do_arbitration()
end for
A—¢
for all step € B do
N = {resources newly granted to step}
resources(step) < resources(step) U N
if II(Astep) C resources(step) then
A — AU step
else
step.release(N)
continue {retry in next iteration}
end if
end for
execute(A 4) {synchronous state update }
for all step € A do
step.release(resources(step) \ Hstep)
evaluate all p; € Bsiep
k = max{i : p; € Bstep s true}
next « ey.tail
if is_start_step(step) & next # step then
new «— ogqrt(instance(transaction_of (step)))
resources(new) «— ¢
B — BUnew
end if
step < next
if is_end_step(step) then {end transaction}
B — B\ step
end if
end for
end while

5 Related Work

We now place our modeling framework in the context of
other efforts that overlap with some attribute of our work.

Modeling Concurrency Work done on concurrency se-
mantics (also referred to as models of computation [18])
provides a mathematical foundation for the specification
and reasoning of the feasible behavior of concurrent com-
ponents (e.g. Statecharts [12], Synchronous/Reactive sys-



tems [7], and dataflow process networks [15]). Some of
these are closer to our work in that they use tokens to model
shared objects (e.g. Petri-nets [20], OSM [25]). However,
they do not make explicit the important practical distinction
between shared data and shared physical resources. This
distinction is at the core of our modeling methodology and
is critical to understanding potential sources of errors and
requirements for verification. The actual concurrency se-
mantics (synchronous versus asynchronous state updates)
can be flexibly selected depending on the application.

Models such as Bluespec [21] (and Synchronized Tran-
sitions [11]) describe computation in terms of guarded ac-
tions on state. Control is synthesized through model analy-
sis during the synthesis flow from the specification. In con-
trast, in our work, large parts of the control are made explicit
through the specification of the resource requests and man-
agers, as well as the transaction steps. Further, Bluspec has
an operation-centric focus (a purely time-stationary view),
while our work has a data-centric focus (a largely data-
stationary view), with clearly demarcated data-unit bound-
aries. Thus, the ability to reason about individual instruc-
tions/packets/frames and their interactions based on shared
data and resources is not available in Bluespec. Bluespec’s
model is driven by a focus on synthesis; ours is driven by a
focus on verification.

Multiple Levels of Models The work done on
transaction-level-modeling (TLM) [27] in describing
end-to-end computation and communication units does
provide for modeling at multiple-levels of abstraction.
However, the definitions for each level are at best informal
(e.g. programmer level) and thus cannot be used in any
systematic way for automated derivation of verification
tasks. Even when a model-of-computation is embedded
to support specific applications [22], the emphasis is
on developing executable models, not analyzable ones.
Further, while it is possible to reuse tesbenches across the
different levels, it is not possible to formally relate the
models across levels.

Capturing formal invariants during systematic design re-
finement (e.g. using HOP [10]) is one approach for relating
levels of abstraction. Our models allow many ways of spec-
ifying refinements as shown in Sec. 6.3.

System-level design frameworks such as Metropolis [5]
and CoFluent [24] do provide for multiple levels of func-
tional abstraction. Metropolis has a general notion of a
meta-model that can accommodate other models such as
ours. The emphasis in CoFluent is on mapping applications
to processors and thus the lower level models are processor
blocks.

Processor Description Languages/Tools Descriptions
such as ISP [6] and nML [9] focus on the architecture level,

specifying the semantics of individual instructions for use in
instruction set simulation and code generation. Descriptions
such as Flowcharts [28] and LISA [23] are at the microar-
chitecture level and used for designing the control logic and
cycle-accurate processor simulators. Overall these efforts
have a much narrower focus than our work.

6 Verification using the Proposed Models

In this section we examine how the architecture and u-
architecture models are used in verification.

6.1 Functional Simulation

The models suggest notions of simulation coverage and
can be used to generate testbenches (automated) that cover:
e cvery path through every transaction graph (architec-
ture level): This provides computation coverage for
each distinct data category, e.g. ALU instructions, con-
ditional branch, etc. for the microprocessor example
e cvery relative ordering of transactions (architecture
level) for access to shared data: This provides cover-
age for the subtle interactions between the concurrent
transactions which are through shared data
e every request made by a transaction for a resource (u-
architecture level), for every possible state of the re-
source manager
Note that while current methodologies strive for similar
coverage goals, they are at a disadvantage because the data,
resources and execution paths are not explicit and accessi-
ble for automated analysis at the RT level. This gap is filled
in partially through human expertise, which is expensive,
and backed up with biased random simulation which is only
probabilistically successful.

6.2 Formal Verification of Models

We can automatically derive finite-state-models for the
transactions (and resource managers at the p-architecture
level) for specific concurrent interactions and use them
in proof-techniques techniques such as model checking.
While a similar step is performed in current RTL-based
methodologies, the abstractions needed to extract a practi-
cally usable finite-state-model need greater human input to
identify the relevant state variables and to identify the cone
of influence for the logic. Further, the transactional descrip-
tion allows for direct specification of properties that deal
with sequencing of data combined with temporal ordering
of events. For example, for the processor case, checking
for a RAW hazard is specified as a transaction 7 reading
from state element s before transaction j writes to s and
7 precedes ¢ in sequence. Here “precedes” is a sequenc-
ing relationship and “before” is a temporal relationship. In



existing RTL based model checking, the “precedes” rela-
tionship is not available directly in the model and would
need to be captured by some logic and state added to the
model through human intervention. In the proposed model,
this can be completely automated. (This is the subject of
current work.)

6.3 Formal Verification Across Levels

While the architecture and p-architecture models are
useful in themselves, there is additional value to be gained
when both are provided for a design. In that case, a cor-
respondence can be stated between objects at the two lev-
els when such a correspondence exists. Let ¢ be a function
mapping the objects of an architecture model () to the cor-
responding objects in a p-architecture model (p).

e Functions: ¢(f®) = f* indicates that f at the
architectural level is implemented by f# at the pu-
architecture level.

o State elements: ¢(S*) C S*

e Transaction sets: ¢(7%) = TH.

Given such a correspondence, o can serve as a specifica-
tion for p. The problem of verifying that x4 is an implemen-
tation of o will involve the following tasks.

e Equivalence check functions f* and ¢(f*)

e Verify that state s* is an abstraction of ¢(s®), e.g. a

queue abstracts a finite sized buffer.

e Check end-to-end correctness of each transaction -
assuming that a transaction gets all the resources
it requests, verify that the execution path between
olare ~» o, is functionally equivalent to the path
Ogtart ~ Oepng»> for the same data input values. This
check can use the properties proved in the previous two
steps as lemmas.

e Check data interactions between transactions - verify
that each transaction reads proper values (hazard-free).

Such an approach has been shown to be feasible for the
case of processor verification [14] with a manual construc-
tion of the verification tasks. There, the ISA serves as a
specification for the RTL and the desired relation between
the two is captured by a “correctness statement” [1]. Note
that even for a relatively simple pipelined processor, it takes
significant human effort and ingenuity to come up with a
“correctness statement” and in verifying it, e.g. using the
“flushing” approach [13]. We believe that our models can
serve as a framework for both automating and generalizing
such approaches beyond processor verification.

6.4 Verifying the RTL

As discussed in Section 2.3, in the proposed methodol-
ogy the RTL is synthesized from the p-architecture model
by synthesizing:

e for each transaction the sequencer for its steps

e for each resource manager the finite state machine im-

plementing its allocation policy

o the logic for the physical resources

e the interconnections between the resources

Thus, verifying the RTL reduces to verifying that each
synthesis task produced correct results. Since each of these
synthesis tasks has a much narrower scope, the verification
tasks are much simpler than verifying general RTL.

In current design flows, RTL is synthesized to gate level
circuits and the check between these two levels reduces to
a combinational equivalence check. Similarly, when syn-
thesizing the RTL from the p-architecture as proposed, the
check between these levels is largely an equivalence check.

6.5 Runtime Validation

More recently, an alternative attack on the verification
problem has been proposed in the form of runtime valida-
tion [3, 19]. In this approach, on-chip logic is used for run-
time error detection and correction.

The p-architecture model has some salient features
which make it highly suitable for adding online monitor-
ing/checking and recovery techniques. Transactions pro-
vide a clear notion of units of computation which sets
a natural scope not only for checking but also for for-
ward/backward error recovery [17], both of which can be
implemented as function preserving transformations on the
p-architectural model. Examples of checking techniques
are spatial and temporal redundancy. Examples of recov-
ery techniques are: forward recovery techniques such as
delayed commits, backward recovery techniques such as
check-pointing/rollback and serialization of transactions.

These techniques are well known, but implementing
them in RTL is trickier due to the complexity of control
logic. In the proposed methodology, p-architecture mod-
eling backed by a quality synthesis path to RTL can raise
the overall level of abstraction and automation of the design
process.

7 Conclusions

In this paper we call attention to the role of inappropriate
hardware modeling in the growing verification gap between
the complexity of designs that can be reasonably verified
and those that can be fabricated. We highlight the limita-
tions of the prevalent RTL-centric design methodology, and
then present an alternative comprising of models for two
distinct levels above RTL.

We then briefly illustrate the use of these models in a
verification methodology, highlighting what aspects of ver-
ification be performed at each level and how these are facil-
itated by the information available in these models. While



significant work still needs to be done to tap the full po-
tential here, we believe that the ideas presented in this pa-
per serve as a strong foundation for a disciplined design
methodology with significant benefits for verification.
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