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ABSTRACT
Rapidly increasing design and manufacturing non-recurring engi-
neering (NRE) costs are prompting a shift in electronic design from
hardwired application specific integrated circuits (ASICs) to the
use of software on programmable platforms. However, in order to
minimize the power and performance overhead of such processors,
we are seeing the introduction of domain or application specific
processors such as network and communication processors. The
design of such specialized processors requires software develop-
ment tools such as simulators and compilers. In order to quickly
develop these tools for multiple design points under consideration,
it is highly desirable to have them synthesized from formal pro-
cessor descriptions written in Architecture Description Languages
(ADLs). In this paper, we present the Mescal Architecture Descrip-
tion Language (MADL). MADL features a two-layer structure, a
core layer and an annotation layer. The core layer is based on a
formal and flexible microprocessor model – the operation state ma-
chine (OSM), which enables MADL to express the concurrency at
the operation execution level for a wide range of architectures. We
address the challenges faced in designing the core layer to com-
bine the OSM model with techniques for achieving compact pro-
cessor descriptions. The annotation layer features a generic syntax
that allows creating annotation schemes to specify implementation
dependent or tool specific information. To show the effectiveness
of MADL, we present an MADL-based simulator synthesis frame-
work that has been used to generate efficient cycle accurate sim-
ulators and instruction set simulators with very low development
effort. We also describe our annotation schemes that enable the
extraction of architecture properties for use in instruction schedul-
ing and integer-linear-programming based register allocation. Our
experimental results demonstrate the efficacy of MADL as a practi-
cal and promising language for the development of programmable
platforms.
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1. INTRODUCTION
Increasingly complex system functionalities and shrinking pro-

cess feature sizes are changing how electronic systems are imple-
mented today. Hardwired application specific integrated circuit
(ASIC) solutions are no longer attractive due to sharply rising non-
recurring engineering (NRE) costs to design and manufacture the
chips. The NRE costs have increased the break-even volume be-
yond which these hardwired parts are preferred over programmable
solutions. Thus, increasingly we are seeing a shift toward systems
implemented on programmable platforms. This shift is helped by
the development of application/domain specific processors which
attempt to reduce the power and performance overhead of pro-
grammability by providing micro-architectural features matched to
the domain specific computational requirements. However, there
is relatively little available in terms of design tools for the soft-
ware environment (e.g. simulators, compilers) for these processors
and thus these tend to be hand crafted – a fairly low productivity
task and especially limiting during processor design space explo-
ration when a large number of design points need to be evaluated.
Therefore it is highly desirable that the software design tools can be
synthesized automatically from high level processor specifications.

Though microprocessors 1 are diverse in their computation power
and their underlying micro-architectures, they share some common
general properties inherited from their common ancestor – the von
Neumann computer. They fetch instruction streams from memory,
decode instructions, read register and memory states, evaluate in-
structions as per their semantics and then update register and mem-
ory states. As a result of this commonality, there exists potential to
develop high level data models to abstract a wide range of micro-
processors. These abstract data models can then be used to assist
the development of design automation tools that prototype, synthe-

1We use this term broadly to include application-specific proces-
sors such as digital signal processors, as well as more traditional
general purpose processors.
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size, verify and program microprocessors. One example of such an
abstract data model is the register-transfer-list used by the compiler
community for code generation.

Architecture description languages (ADLs) were created to con-
vey abstract processor model information to the software develop-
ment tools. The differing emphases placed by the ADL design-
ers in supporting different tools and different architecture families
make them highly diverse in their syntaxes and semantics. From
our experience, the quality of an ADL is largely determined by its
underlying processor model. Partially due to the lack of flexible
processor models that are capable of expressing precise data and
control semantics of microprocessors at a high abstraction level, no
existing ADL can be simultaneously used for cycle accurate sim-
ulator and compiler generation for a reasonably large architecture
range. Our ongoing research is focused on addressing this problem.

After experimenting with various processor models and software
development tools, we proposed the operation state machine (OSM)
formalism as a microprocessor model [14]. The OSM model pro-
vides a high level but powerful abstraction mechanism to model
the data and control semantics of a microprocessor. Based on the
model, we have designed a two-layer architecture description lan-
guage named Mescal Architecture Description Language (MADL)
to support accurate modeling of a broad range of architectures. In
this paper, we present the structure of the language, as well as
demonstrate its use in the development of software tools or tool-
components such as the cycle accurate simulator, the instruction
set simulator, the register allocator and the instruction scheduler.
The main contributions of the paper are:

• A layered approach to architecture description language de-
sign that separates the key architectural properties from the
tool-dependent information.

• A flexible and extensible ADL with demonstrated capability
to extract architectural properties for use in simulators and
important compiler optimizers.

• A retargetable simulator synthesis framework for quick syn-
thesis of efficient cycle accurate and instruction set simula-
tors.

The paper is organized as follows. Section 2 reviews the OSM
model and describes its new extension for data flow modeling. We
then present the design of MADL in Section 3. Section 4 describes
the generation of several software tools from MADL descriptions,
and Section 5 contains experiment results. Section 6 discusses re-
lated work in the field. Finally, Section 7 provides some concluding
remarks.

2. OSM MODEL: A REVIEW
An architecture model largely determines the quality of the ADL

built on top of it. In this section, we give a brief overview of the
OSM model that forms the basis of MADL [14].

The OSM model divides the processor specification into the op-
eration layer and hardware layer. The operation layer models each
machine operation as a finite state machine, which communicates
with the hardware layer through a formalized token transaction pro-
tocol. In the hardware layer, structural or data resources are mod-
eled as tokens. Function units interacting closely with the oper-
ations are modeled as token managers, which are effectively re-
source arbiters that allocate tokens to the state machines based on
their resource management policies. This model provides for a nat-
ural way to express concurrency at the two layers and the mapping
between them.

IF ID EX WB

RF

IF  fetch stage
ID  decode stage
EX  execution stage
WB  writeback stage
RF  register file

(a) A 4-stage pipeline
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(b) OSM for the add instruction

Figure 1: An OSM model example

Consider the simple example in Figure 1 which shows a 4-stage
pipelined processor and a state machine modeling its “add” oper-
ation. The states of the state machine represent the execution sta-
tuses of the instruction. The state machine starts from the initial
state I . At each control step (a clock cycle or phase), it will try to
advance its state by one step. When it returns to state I , the instruc-
tion retires. In order to advance the state along an edge in the state
diagram, the state machine must satisfy the transition condition on
the edge. Such condition is defined as the conjunction of the out-
comes of a list of token transactions, such as the ones shown in the
text boxes in Figure 1(b). We defined four types of token transac-
tions – allocate, inquire, release and discard. These control primi-
tives help model pipelining behaviors including structural, data and
control hazards that are common in modern microprocessors.

In order to model the data flow in the processor, we introduce
two data communication primitives – read and write. An OSM can
read the value of a token either if it is allocated the token or if it
successfully inquires about the token. It can write to a token only
if it is allocated the token. An OSM can then exchange data values
with the token managers through these two primitives. In the exam-
ple of Figure 1, the state machine can read source register operand
values on edge e2 and write its destination operand value on edge
e4. Besides these data communication primitives, we also include
as part of the OSM model a set of computation operators that can
be used to evaluate instruction semantics. The communication and
computation primitives complement the original four control prim-
itives. They are new to this framework and are part of the new
contributions of the paper. All control, data and computation prim-
itives are called actions and they are all bound to the edges of the
state machines.

Modern processors are typically pipelined and hence they may
have more than one operation executing simultaneously. In the
simulation model of such a processor, multiple such state machines
may be alive at the same time, each representing an operation in the
pipeline. They compete for resources through their token transac-
tion requests and transition their states concurrently. They consti-
tute the operation layer of the model.

The hardware layer of the processor is not shown in Figure 1(b).
It includes 4 token managers modeling the pipeline stages, each of
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which controls one token that represents the ownership of the cor-
responding pipeline stage. In addition, we model the register file as
a token manager containing one token for each register. The token
managers respond to the token transactions required by the state
machines. All managers contain a set of interface functions cor-
responding to all types of transactions. These interface functions
implement the resource assignment policies of the token manager
and control the execution flow of the state machines.

The finite state machine is a highly flexible model capable of
modeling arbitrarily connected execution paths of an operation, in-
cluding those of superscalar processors with out-of-order issuing.
For example, Figure 2 shows part of a state machine that can be
used to model the “add” operation in an out-of-order processor. In
this example, “RS” represents a token manager modeling a reser-
vation station and “RB” is a token manager for the reorder buffer.
After the operation has been decoded, to leave state D, the state
machine has two options. It can either proceed to state E, the ex-
ecution stage, if an execution unit, a reorder buffer entry and the
source operands are available, or enter state R, the reservation sta-
tion stage, to wait for these resources. Such out-of-order issuing
behavior cannot be modeled by other pipeline models such as the
pipeline diagram, but can be easily modeled by the state machine.
The flexibility of the operation layer as well as the extensibility of
the hardware layer allows the OSM model to capture the precise ex-
ecution semantics of microprocessors for cycle accurate simulator
generation.
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e5
F
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allocate RS 
release ID
allocate dst

allocate RS 
release ID
allocate dst

allocate EX, allocate RB
release RS

inquire src1, src2

allocate EX, allocate RB
release RS

inquire src1, src2

allocate EX, allocate RB
release ID, allocate dst

inquire src1, src2

allocate EX, allocate RB
release ID, allocate dst

inquire src1, src2

Figure 2: OSM example for out-of-order issuing

From the point of view of compiler developers, with proper hints,
it is easy to analyze the state diagram and the actions to extract
useful properties such as operation semantics and resource usage
information. Such information is essential for compilers and its
automatic extraction can be very helpful for retargetable compiler
development.

In summary, the OSM model provides for a flexible yet formal
means to model microprocessors. It is suitable as the underlying
semantic model of a machine description language. For details of
the OSM model, we refer readers to [14].

3. MADL
Based on the OSM model described in Section 2, we designed

MADL, an ADL that can be used to describe a broad range of
microprocessors including scalar, superscalar, VLIW and multi-
threaded architectures. The goal of the description language is to
assist the generation of software tools such as simulators and com-
piler optimizers.

To make MADL simple yet extensible, we adopted a two-layer
description structure for microprocessor modeling. The first layer
is the core language that describes the operation layer of the OSM
model. It contains specifications of instruction semantics (the ac-
tions), binary encoding, assembly syntax, execution timing, and re-
source consumption. This layer forms the major part of a processor

alu

add sub

reg
imm

alu

add

reg

alu

sub

imm

alu

add

imm

alu

sub

reg

(a) An and-or graph (b) Expansions

Figure 3: And-or graph example

description. In section 3.2, we will describe how we can achieve
concise descriptions in this layer by combining the OSM semantic
model with an effective syntax model, namely the and-or graph.

The second layer of MADL describes information that is depen-
dent on software tools and their implementations. It either supple-
ments the core description by providing tool specific information
or assists the software tools to analyze and extract processor prop-
erties. This layer is called the annotation layer. The annotation
syntax is generic and hence flexible and extensible to use. Unlike
the core layer, its semantics are subject to interpretation by the soft-
ware tools that use the information.

3.1 The and-or graph: a review
A good syntax model is important to the usability of an ADL. In

this section, we review the and-or graph model that is commonly
used to describe instruction encoding, assembly syntax and eval-
uation semantics. It appears in different forms in ADLs includ-
ing nML [4], ISDL [7] and LISA [12]. An and-or graph is a di-
rected acyclic graph with only one source node. It is composed of
a number of elements. An element is either an and-node and all
its or-node children, or a leaf and-node. Figure 3(a) shows an ex-
ample of an and-or graph with five elements. An expansion of an
and-or graph can be obtained by short-circuiting each or-node with
an edge from its parent to one of its children. Figure 3(b) shows
all possible expansions of the graph, each of which corresponds to
an instruction. Compared to enumerating instructions in their ex-
panded forms, the and-or graph model is much more compact as it
factorizes common properties to the upper levels, thereby minimiz-
ing redundancy.

Most, if not all, instruction set architectures (ISA) organize in-
structions into hierarchical classes. All instructions in a class share
properties such as encoding format, assembly syntax, etc. Hence,
the and-or graph model is a natural choice to model ISAs, espe-
cially orthogonal ISAs such as RISC. For the toy instruction set
shown in Figure 3, since the operands and the opcodes are orthog-
onal, they can be separated into different elements. The common
elements among different instructions are then merged to form the
and-or graph.

3.2 The core layer
Due to the significant advantages of the OSM architecture model

and the and-or graph syntax model, we chose them as the founda-
tions of the core layer of MADL. Thus, the task of designing our
ADL is to combine the and-or graph syntax model with the OSM
semantic model to create a description language that is expressive
and efficient to describe encoding, assembly syntax, semantics,
timing information of the instructions and their interactions with
the hardware layer.
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Note that currently our focus on the core layer is restricted to the
operation layer and does not include the hardware layer (mainly the
token managers). The execution models of the token managers are
currently organized as a C++ template library. We are still in the
search of suitable syntaxes for describing token managers in future
versions of MADL as this may allow the MADL compiler to po-
tentially analyze the token managers for verification and extraction
of other information.

In the rest of this section, we will describe the core layer of
MADL using an example of the 4-stage pipelined processor of Fig-
ure 1 with a toy instruction set shown in Figure 3.

As mentioned in Section 2, the edges of an OSM are statically
bound with the actions. Since different types of operations differ
in their actions, it would be a natural thought to adopt separate
state machines to model different operation types. However, the
actual type of an operation cannot be resolved until it is fetched and
decoded, which occurs during the execution of the state machine.
On the other hand, we cannot decide which type of state machine
to execute until we know the actual type of the operation. Such
mutual dependency creates a bootstrapping problem.

To solve the problem, we can use a polymorphic state machine
that can model all types of operations. Figure 4 shows one such
state machine for the example processor. In such a state machine,
each path from state F to state I represents the execution path of
one type of operation. The state machine is capable of fetching and
decoding the operation and choosing to execute along the right path
that corresponds to the actual type of the operation. An artificial
token manager can be implemented to help steer the execution path.
It should be noted that although the state machine is polymorphic,
at one time it still represents only one operation. Multiple such
state machines are needed to model the operations in a pipelined
processor.

F D

E4

e1

W4

I

e0

e34

E3 W3
e33

E2 W2
e32

E1 W1
e31

Figure 4: Polymorphic state machine for the toy ISA

In general, the paths of the polymorphic state machine may have
heterogeneous topologies. For real-world instruction set architec-
tures with hundreds of operations, the state machine may be very
large and cumbersome to specify. Moreover, although we may still
apply the and-or graph to describe the actions of all operations,
it is not directly applicable to specify the static binding relation-
ships between the actions and the edges if most of the edges are
not sharable across operations.

To avoid the potential state explosion problem in descriptions,
we adapted the OSM model to its dynamic version. In the dynamic
OSM model, the actions are no longer statically a part of the state
diagram. Instead, they are bound to the edges dynamically during
the execution of the state machine. In such a dynamic model, two
different operations can refer to the same set of edges in the action
description. As long as the syntax ensures that no conflict occurs
during binding, the same state diagram can be shared by all opera-
tions in the description. This makes it possible for us to fully apply
the and-or graph model to specify the actions.

In the dynamic OSM model, the state diagram is simply a di-
rected graph. We call such a bare diagram a skeleton. To apply the
and-or graph model, we describe operations based on syntax op-
erations, each of which corresponds to one element in the and-or
graph. All syntax operations in one expansion of the and-or graph
form one operation. At run time, the actions of the syntax opera-
tions in the expansion will bind to the skeleton to form a finite state
machine that models the operations.

#this skeleton defines 
#variables rdst,v_src1,v_src2,v_dst,
#fbuf,dbuf,ebuf,wbuf,rbuf
USING diagram_a;

OPERATION alu
VAR oper : {add, sub};    #an or-node

iw : uint<14>;      #i-word

TRANS e0 : {fbuf = IF[]}; #allocate IF
e1 : {dbuf = ID[],  #allocate ID

iw = *fbuf,   #read i-word
!fbuf}        #release IF
+oper = iw;   #decode & bind

e2 : {ebuf = EX[],  #allocate EX
rbuf = RF[rdst],  #allocate dst
!dbuf};       #release ID

e3 : {wbuf = WB[],  #allocate WB
!ebuf};       #release EX

e4 : {*dst_buf = v_dst, #write dst
!rbuf, #release dst
!wbuf};       #release WB

OPERATION add
VAR rs1  : uint<4>;    #assigned from CODING

src2 : {imm, reg}; #an or-node

CODING 1 rdst rs1 src2;

EVAL  +src2;    #decode per bit0-4 of CODING

TRANS e2 : {v_src1 = *RF[rs1]}; 

#inquire&read src1
e3 : v_dst = v_src1 + v_src2;

#compute addition

OPERATION imm
VAR v_im : uint<4>;    #assigned from CODING

CODING 1 v_im;

TRANS id_ex : v_src2 = (uint<32>)v_im;

OPERATION reg
VAR rs : uint<4>;      #assigned from CODING

CODING 0 rs;

TRANS e2 : {v_src2 = *RF[rs]}; 

#inquire&read src2

OPERATION sub

……

Figure 5: Example ADL description

Figure 5 shows an example based on such a description scheme
for the 4-instruction toy processor. The first USING statement indi-
cates that the following syntax operations are based on the skeleton
named “diagram a”, whose structure is the same as the state dia-
gram shown in Figure 1. A skeleton definition (not shown here)
contains a list of states and edges, and a list of variables that can be
accessed by all the syntax operations bound to it. The rest of the
example defines a set of OPERATIONs, each corresponding to a
syntax operation. An OPERATION contains sections such as VAR
where local variables are defined, CODING where binary encoding
is specified, EVAL where the initialization of local variables can be
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performed, and TRANS where actions are defined with respect to
the edges in the skeleton. In a VAR section, besides variables of
normal arithmetic data types, a special type of variable that corre-
sponds to the or-node in the and-or graph can also be defined. An
example of such a variable is the “oper” variable in “alu” which
corresponds to the top-most or-node in Figure 3(a). In the TRANS
sections, control and data actions are enclosed within curly braces,
while computations are not.

In order to understand the process of dynamic binding of actions
onto edges, consider the syntax operations shown in Figure 5 and
the skeleton shown in Figure 1. During run time, the top-level syn-
tax operation “alu” will be associated with the skeleton first. It
will bind its actions specified in the TRANS section onto the corre-
sponding edges of the skeleton. In this simple example, the actions
include reading the instruction word from the token manager “IF”,
which models the instruction fetcher, when leaving state F and then
decode the or-node variable “oper” with the instruction word. De-
pending on the value of the instruction word, decoding will resolve
“oper” to one of the two syntax operations “add” and “sub”. If the
result is “add”, then “add” will also bind its actions to the edges
of the same skeleton. Meanwhile it will further decode its or-node
variable “src2” based on the lowest order five bits of its encoding
value. If the result is “imm”, then “imm” will bind its action onto
the skeleton. The combined result of “alu”, “add”, “imm” and the
skeleton “diagram a” models one add-immediate instruction. Other
combinations such as “alu”, “sub” and “reg” share the same skele-
ton in the description. The decoding statement ensures that at run
time, only one expansion is bound to the skeleton.

The introduction of the dynamic OSM model enables us to apply
the and-or graph model to greatly ease the description. As with
the original version, the dynamic OSM model is also executable.
However, its execution is less efficient due to the overhead incurred
by dynamic binding. Therefore the MADL compiler will perform a
simple transformation to convert the dynamic model to the original
version. For each expansion in the and-or graph, the compiler will
duplicate a portion of the state diagram that is reachable from the
decoding edge without going through state I . It will then statically
bind all actions of the expansion onto the duplicated sub-diagram.
The result of the transformation is an expanded state machine with
an overall topology similar to that shown in Figure 4.

For more details of the core layer syntax, we refer interested
readers to its manual [13].

3.3 The annotation layer
Annotations appear as paragraphs in an MADL description. Fig-

ure 6 shows the syntax in Backus-Naur Form. A paragraph contains
an optional namespace label and a list of declarations and state-
ments. The label specifies the tool-scope of the paragraph and can
be used to filter irrelevant annotations. Paragraphs without a label
belong to the global namespace.

One of the features of the syntax is that it supports the decla-
ration of variables and their relationships. The scope of the vari-
ables is determined by the location of the annotation paragraph in
the description and its namespace. The relation operators currently
supported include normal comparison operators and the set con-
tainment operator (“<:” in syntax). Section 4 shows how these
operators can be effectively used to express irregular architecture
constraints.

The annotation paragraphs are associated with syntax elements
of the core description. After the MADL description is parsed,
the tools can access an annotation paragraph via the pointer to the
intermediate representation object of the syntax element that it is
associated with. A set of APIs are defined for such access.

annot_paragraph ::= claus_list
| :id: claus_list //with namespace

claus ::= decl | stmt

decl ::= var id:type //variable
| define id value  //macro

stmt ::= id (arg_list)    //command
| val op val //relationship

arg ::= id = value

val ::= id | number | string
| (val_list)       // tuple
| {val_list}       // set       

type ::= int<width> | uint<width> | string
| (type_list)      // tuple type
| {type}           // set type

Figure 6: Annotation syntax in BNF

MANAGER

CLASS

unit_resource :  void -> void;

$:COMP: SCHED_RESOURCE_TYPE(size=1);

$$:SIM: USE_CLASS(name=“untyped_resource”, 

param=“1”);$$

……

Figure 7: Two-layer description example

An annotation paragraph can either be in a single-line format or
in a block format. The former is preceded by a “$” and runs through
the end of the line while the latter is enclosed within a pair of “$$”s.
Figure 7 gives an example of an MADL description. It shows part
of a MANAGER section. The third line defines a token manager
class “unit resource” and its type property. The two subsequent
annotation paragraphs are attached to this manager class and pro-
vide additional information to different tools. The first paragraph
informs the tool in the “COMP” namespace (in this case the com-
piler) that this manager class can be treated as a resource unit by a
scheduler. Such information is not essential to the processor archi-
tecture, but a user-supplied hint for the compiler. The second para-
graph notifies the “SIM” tool (in this case the cycle accurate simu-
lator) that this manager uses the template class “untyped resource”
with a template argument of “1” as its C++ implementation in the
simulator. Note that the interpretation of the annotation commands
are solely up to the tools. Any change in the tool implementation
may affect the annotation description but neither its syntax nor the
core layer. This feature insulates the MADL syntax from the fre-
quent modifications and extensions of the software tools, thereby
lengthening the lifetime of MADL.

4. SUPPORT FOR TOOLS
In this section, we describe how MADL can be effectively used

to describe information necessary for various software tools. In
particular, we show that the core layer is powerful enough to model
a wide range of architectures, and that the annotation layer is flex-
ible enough to represent information needed by a variety of tools,
specifically, the cycle accurate simulator, the instruction set simula-
tor, the register allocator, and the reservation table based scheduler.

4.1 Cycle accurate simulator
Cycle accurate simulators are important for the verification of

programmable platform designs as well as the application soft-
wares that run on the platform. Since the OSM model is inher-
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ently an executable model, it is straightforward to synthesize cycle
accurate simulators from MADL descriptions.

Figure 8 shows the structure of our cycle accurate simulator syn-
thesis framework based on MADL. The inputs to the framework
are the MADL description, the token manager implementations in
C++ and the peripheral unit implementations in C++. The periph-
eral units are those hardware components that do not directly inter-
act with the state machines in our model. They communicate with
the state machines indirectly through token managers.

As mentioned in Section 3, the core layer is used to specify the
operation layer information. Thereby the MADL compiler can ex-
tract all state machine details from the skeleton and syntax opera-
tion descriptions and translate them into state machine classes in
C++. As significant reuse is expected for the token managers and
the peripheral units, they are organized as C++ template class li-
braries. New token managers or function units can be customized
by specializing and extending the library classes or from scratch.
As shown in the example of Figure 7, we can use annotations to
specify pointers to the actual token manager implementation. The
synthesis framework will follow these pointers to statically instan-
tiate the token manager objects. The MADL description and the
customized token managers represent the major development effort
for targeting the framework to a new processor.

The state machine classes and the token manager classes are in-
stantiated in the cycle accurate simulator. The simulator also con-
tains instances of the relevant peripheral units such as the cache
models, as well as the cycle-driven simulation kernel and the mem-
ory emulator.

OSM ObjectsOSM ObjectsOSM ObjectsOSM Objects

Token Manager
Library

MADL
Description

MADL
Description

MADL CompilerMADL Compiler

OSM ObjectsOSM Objects

Application
Binaries

Application
BinariesMemory EmulatorMemory Emulator

Manager ObjectsManager Objects

Application
Binaries

Application
Binaries
Application

Binaries
Application

Binaries

Branch PredictorBranch Predictor

cycle driven kernel

Customized
Managers

Customized
Managers

Manager ObjectsManager Objects CachesCaches

Peripheral Unit
Library

main retargeting effort

Figure 8: Cycle accurate simulation framework

It is worth noting that the use of MADL improves the produc-
tivity of simulator development since MADL descriptions are very
compact. Moreover, the synthesized simulators most often have
better simulation performance than hand-coded OSM simulators.
The reason is that when coding by hand, programmers commonly
have to trade code speed for code simplicity. For instance, in our
hand-coded OSM simulators, all OSM action classes are derived
from a common base class. Such use of the C++ polymorphism
feature greatly simplifies the implementation as the actions can be
treated in a homogeneous fashion, e.g. their pointers can be stored
in an array. However, this introduces many virtual function calls at
run-time that slow down the simulation speed notably. While in a
synthesized simulator, code complexity concerns are irrelevant and
the fastest option is always favored.

4.2 Instruction set simulator
Instruction set simulators (also called functional simulators) are

another important class of software tools that help verify the func-

tionality of application binaries. With two minor modifications, our
simulation framework can also be used to generate instruction set
simulators.

First, since the instruction set simulator has no notion of time
or operation concurrency and executes the operations sequentially,
only one state machine instance is needed in the simulation ker-
nel to model the operation stream. Therefore the simulation kernel
becomes a simple loop that iteratively activates the state machine
instance. In each iteration, the state machine instance will execute
the complete semantics of one operation from its fetch to its retire-
ment without interruption. Second, the token managers used for
the instruction set simulator are simplified by removing all timing
related control semantics. Therefore, by supplying a set of simpli-
fied token managers, the same MADL description written for the
cycle accurate simulator can be used to generate the instruction set
simulator.

4.3 Register Allocator
Register allocation is often considered to be one of the most im-

portant optimizations in a compiler. An allocator that produces ex-
cessive spill code or too many false dependences can potentially
destroy benefits of other optimization phases. Hence it is very crit-
ical to have a good register allocator and also to provide accurate
information to the register allocator from the processor specifica-
tion. One of the most widely used register allocators is the graph
coloring based allocator. It is elegant, retargetable and effective for
RISC-style ISAs with a large number of homogeneous registers.
However, for CISC-style architectures and many embedded pro-
cessors such as DSPs, graph coloring based allocators do not work
well. This is due to the existence of highly irregular ISAs optimized
for code density, small number of registers and heterogeneous reg-
ister banks. While several attempts have been made to develop
efficient register allocators for such processors, very few are retar-
getable, efficient and easy to use. In our work, apart from a graph
coloring based allocator, we also built an Integer Linear Program-
ming (ILinP) based allocator developed by Appel and George [2].
The AMPL [5] based ILinP model is simple to use, expressive to
describe constraints, retargetable and guarantees an optimal solu-
tion. Although we may use different allocators for different do-
mains, the information needed by the allocators is very similar. In
this section, we describe the various inputs to a register allocator
and how they can be specified in MADL.

The basic input to register allocators are the different types of
register banks, both physical and logical. Properties of a register
bank include data type of the bank, number of registers and over-
lap information such as that of single and double precision regis-
ters commonly seen in modern microprocessors. Figure 9(a) gives
a general overview of the nature of information that we need to
capture. The bank information, enclosed within the dotted box, in-
cludes the eight registers “R0” to “R7”, the register banks “bank1”
and “bank2”, and register overlap information as indicated by the
double arrow between registers “R2” and “R4”. Note that a register
may be in multiple logical banks like “R3”or may not be a part of
any bank like “R7”.

Apart from all the register and register bank related information,
the allocators also need to know how the operands of various op-
erations are constrained. This includes the set of register candi-
dates that an operand may be assigned from, operands that have
been pre-allocated and sets of operands that may have to be allo-
cated together. In Figure 9(a), this information is represented by
the thick dotted arrows. For example, operands “o1” and “o2” of
“oper1” are constrained to be assigned from register banks “bank1”
and “bank2” respectively, operand “o3” of “oper2” needs to be pre-
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OPERATION oper3
$$:COMP:

var o1:string;
.. 
FORMAT (src={o1, o2}, dest={o3, o4});
o1 <: Bank1;
o2 <: Bank2;
..
(o3, o4) <: PAIR_CONSTRAINT;

$$
……

OPERATION oper3
$$:COMP:

var o1:string;
.. 
FORMAT (src={o1, o2}, dest={o3, o4});
o1 <: Bank1;
o2 <: Bank2;
..
(o3, o4) <: PAIR_CONSTRAINT;

$$
……

OPERATION oper2
$$:COMP:

var o1:string;
.. 
FORMAT (src={o1, o2}, dest={o3, o4});
o1 <: Bank1;
o2 <: Bank2;
..
(o3, o4) <: PAIR_CONSTRAINT;

$$
……

OPERATION oper2
$$:COMP:

var o1:string;
.. 
FORMAT (src={o1, o2}, dest={o3, o4});
o1 <: Bank1;
o2 <: Bank2;
..
(o3, o4) <: PAIR_CONSTRAINT;

$$
……

oper3 oper3 

o1o1 o2o2 o3o3

oper3 oper3 

o1o1 o2o2 o3o3
oper2oper2

o1o1 o2o2 o3o3

bank1bank1

R0R0 R1R1 R3R3R2R2 R4R4 R5 R7R7R6

o1o1 o2o2 o3 o4

bank2bank2

…

overlap constraints

tuple constraints

…

…

MANAGER
$$:COMP:

DEFINE bank1 {“R0”,“R1”,“R2”, “R3”};
REG_BANK (symbols=bank1);
DEFINE bank2 {“R3”, “R4”};
REG_BANK (symbols=bank2);
REG_OVERLAPS (data={(“R4”,”R2”)});
DEFINE pair_constraint {(“R5”,”R6”)};

$$
……

MANAGER
$$:COMP:

DEFINE bank1 {“R0”,“R1”,“R2”, “R3”};
REG_BANK (symbols=bank1);
DEFINE bank2 {“R3”, “R4”};
REG_BANK (symbols=bank2);
REG_OVERLAPS (data={(“R4”,”R2”)});
DEFINE pair_constraint {(“R5”,”R6”)};

$$
……

OPERATION oper1
$$:COMP:

var o1:string;
.. 
FORMAT (src={o1, o2}, dest={o3, o4});
o1 <: bank1;
o2 <: bank2;
..
(o3, o4) <: pair_constraint;

$$
……

OPERATION oper1
$$:COMP:
var o1:string;
.. 
FORMAT (src={o1, o2}, dest={o3, o4});
o1 <: bank1;
o2 <: bank2;
..
(o3, o4) <: pair_constraint;

$$
……

oper1oper1

(b) Register bank specification

(c) Operation constraint specification

(a)
Register allocation 

constraints

Figure 9: Register constraint specification in MADL

assigned to “R7” and the operand pair (“o3”, “o4”) of “oper1” must
be assigned the register pair (“R5”, “R6”). In general, for the last
constraint there may be more than one option for assignment. All
the constraints are collectively termed as allocation constraints.

Now we describe how all the register information and operand
constraint information can be specified in MADL using annota-
tions. In the example shown in Figure 9, Figure 9(b) shows how
the register information corresponding to the dotted box of Fig-
ure 9(a) can be specified in the MANAGER section of MADL. The
DEFINE keyword is used to define a macro as the set of register
symbols in physical or logical banks. The annotation command
“REG BANK” takes a symbol set and instantiates a register bank.
In order to specify all the pairs of registers that overlap, the com-
mand “REG OVERLAPS” is used. Figure 9(c) shows how the OP-
ERATION sections of MADL can be annotated on to specify the
various operand constraints corresponding to the lower half of the
Figure 9(a). “FORMAT” is used to define the source and destina-
tion operands. The set containment operator is then used to con-
strain each one of the operands specified in “FORMAT”, for exam-
ple, o1 <: bank1 constrains operand “o1” to be assigned a register
from “bank1”. Tuple constraints can also be specified using the set
containment operator as shown in Figure 9.

The irregular register allocation constraints are largely introduced
by non-orthogonal instruction encodings designed to achieve high
code density. However, it is not always possible for tools to in-
fer automatically such constraints from the encodings. Therefore a
proper annotation scheme is necessary.

As stated earlier, to demonstrate the capabilities of MADL, we
extracted the processor specific ILinP specification for the Hiperion
DSP [6]. We chose the Hiperion architecture since it is a highly
irregular DSP with all the aforementioned register constraints. The
practical experiences for this are discussed in Section 5.

4.4 Scheduler
The instruction scheduler is another important component of a

compiler as it helps reduce the execution time of a program by ef-
fectively hiding instruction latencies. This is particularly true for
embedded processors as many of them are statically scheduled and
fully depend on the compiler for best performance. Reservation ta-
ble based schedulers not only offer good performance, but are also
highly retargetable. Hence they are among the most widely used
types of schedulers. In this section, we describe how we can ex-
tract information for a reservation table based scheduler from an
MADL description.

In order to build a reservation table, the scheduler needs to ob-
tain information including physical or virtual resources that are
exported to the scheduler such as issue slots and functional units,
all possible execution paths for each operation, resource usages of
each operation describing the time slots when different resources
will be used, the layout of source and destination operands of each
operation and their respective read and write latencies. It also re-
quires register overlap information to detect data hazards.

Figure 10 gives an overview of how reservation tables can be ex-
tracted from an MADL description for an example operation. Fig-
ure 10(a) shows a part of a MANAGER section in which a token
manager type, “unit resource”, containing a single resource is de-
fined. “IF” is defined as an instance of such a type. As a scheduling
resource instance, it is assigned an alias “f slot”. All other physical
resources are similarly defined by annotations on their respective
manager classes and instances. The MADL compiler can extract
these physical resources by searching for annotation commands
“SCHED RESOURCE” and “SCHED RESOURCE TYPE” in the
MANAGER sections.

Figure 10(c) shows the state machine for the example opera-
tion. The state diagram and the actions associated with its edges
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table 
generation

MANAGER

CLASS

unit_resource :  void -> void;

$:COMP: SCHED_RESOURCE_TYPE(size=1);

……

INSTANCE

IF : unit_resource; 

$:COMP: SCHED_RESOURCE(name=“f_slot”)

……

MANAGER

CLASS

unit_resource :  void -> void;

$:COMP: SCHED_RESOURCE_TYPE(size=1);

……

INSTANCE

IF : unit_resource; 

$:COMP: SCHED_RESOURCE(name=“f_slot”)

……

resource 
extraction

latency
extraction

OSM

e_id_e1:  ……
isrc1 = *mIReg[rs1];
$ACCESS(read=ir_src1);
……

e_id_e1:  ……
isrc1 = *mIReg[rs1];
$ACCESS(read=ir_src1);
……

e_e1_w1:  ……
*IReg[rdst]=idst;
$ACCESS(write=o3);
……

e_e1_w1:  ……
*IReg[rdst]=idst;
$ACCESS(write=o3);
……

actions

manager 
description

reservation tables

(a)

(c)

(b) execution paths

(d)

MACHINE mach_a
STATES F, D, W1, W2;
$SCHED_STATES(cycle=1);
STATES E1, E2;
$SCHED_STATES(cycle=2);
……

MACHINE mach_a
STATES F, D, W1, W2;
$SCHED_STATES(cycle=1);
STATES E1, E2;
$SCHED_STATES(cycle=2);
……

Figure 10: Overview of reservation table extraction from MADL

are all specified in the MACHINE and OPERATION sections in an
MADL description. By analyzing the connectivity of the state dia-
gram and its associated “SCHED STATES” annotation commands,
we can extract the relevant execution paths and nominal latencies.
Moreover, by analyzing the actions on the edges, we can determine
the resources used at each state. Take the OSM in Figure 1(b) for
example. When the state machine proceeds from state I to F, the
allocate request to the fetch manager is fired. Therefore we can
immediately deduce that the resource “f slot” is used by the state
machine at state F. The resource is given up when the state ma-
chine proceeds to state D and fires the release action. Hence by
examining all the allocate, release and discard actions along all
execution paths, we can obtain the resource usage information of
the operation.

The last few pieces of information needed to build the reserva-
tion table are the number and type (source/destination) of operands,
and their read or write latencies. The “FORMAT” annotation state-
ments in OPERATION sections are used to describe names and
types of operands as shown in the example of Figure 9(c). In
Figure 10, operand read/write activities are annotated by the “AC-
CESS” commands on the edges where the corresponding read/write
actions occur. We can combine operand access information with
the path latency information to get the operand latencies.

Finally, we now have all the information that we need to build
the reservation tables shown in Figure 10(d).

Many embedded processors including DSPs have ISAs that are
optimized for code density as well as performance. Their narrow
instruction width introduces irregular ILP constraints, where the
encoding allows only certain combinations of operations to be is-
sued in parallel. In order to use a reservation table based sched-
uler, we use a pre-processing tool, the Artificial Resource Allocator
(ARA) [15], to translate such encoding constraints to regular re-

source based constraints using artificial resources. The ARA takes
the set of all combinations of operations that may be issued in par-
allel from MADL and augments the reservation table appropriately.

5. RESULTS
In order to demonstrate the effectiveness of the MADL-based

software tool development approach, we modeled three architec-
tures for software tool generation. They are the StrongARM core,
the Fujitsu Hiperion DSP and an 128-bit subword parallel media
processor named PLX [10]. Each of these represents a class of pro-
cessors commonly used in embedded systems. The StrongARM
core is a 5 stage pipelined implementation of the ARM V4 architec-
ture. Though generally viewed as a RISC processor, the ARM ISA
contains some CISC features such as the load-multiple instruction.
Hiperion is a 16-bit DSP with an irregular ISA. Its instruction en-
coding is optimized mainly for code size and therefore is not fully
orthogonal. PLX is a research architecture developed by a group
of colleagues. It contains more than 200 integer and floating-point
instructions. Its MADL model was developed by its designers.

We wrote a specification for the StrongARM in MADL to gen-
erate the cycle accurate simulator, the instruction set simulator and
the reservation table for the scheduler. The Hiperion description
is used to generate both simulators, the register allocator and the
scheduler. The PLX description supports generating both simula-
tors. Table 1 shows some statistics of the processor models. This
contains the line counts of the MADL descriptions, the number of
annotation paragraphs, the line counts of the token manager im-
plementations in C++ for both types of simulators, and line counts
of the synthesized C++ code from MADL for both types of simula-
tors. The MADL compiler optimizes the synthesized cycle accurate
simulators to minimize their code sizes without negatively affecting

54



their performance. This results in smaller source code size of the
cycle accurate simulator than that of the instruction set simulator in
the StrongARM and PLX cases.

StrongARM Hiperion PLX

MADL lines 2,001 3,346 3,389
annot. para. 135 368 10
token managers 494 417 349
token managers (ISS) 319 417 281
synthesized code 45,707 16,804 20,764
synthesized code (ISS) 62,816 12,243 27,110

Table 1: Description statistics

We performed all our experiments on a P4 2.8GHz Linux system
with 1GB memory. The compilation of the MADL description in
each case takes less than 10 seconds. The building of the synthe-
sized simulators were done by g++3.3.2. The building time is less
than 2 minutes for each simulator with g++ optimization switches
“-O3 -finline-limit-1500 -fomit-frame-pointer”.

Table 2 shows the average simulation speed of all simulators. We
used a mix of SPECINT benchmarks and MediaBench [9] to eval-
uate the StrongARM simulators. The Hiperion model was tested
with the DSP-stone benchmarks and the PLX model was tested
with several hand-coded assembly kernel loops.

StrongARM Hiperion PLX

cycle accurate (MHz) 2.60 3.82 2.01
ISS (Million inst/sec) 8.26 11.5 2.40

Table 2: Simulation speed

In general, the synthesized cycle accurate simulators are faster
than their hand-coded counterparts. Figure 11 compares the sim-
ulation speed of several StrongARM simulators, namely, the Sim-
pleScalar target for StrongARM [3] (configuration file sa1core.cfg),
our hand-coded OSM simulator (sima) for StrongARM [14], and
the simulator synthesized from MADL. The results show that the
synthesized simulator has obvious simulation speed advantage, beat-
ing the best hand-coded simulator by 80% on average. The synthe-
sized PLX cycle accurate simulator is also faster than the hand-
coded simulator written by its designers, which runs at an average
speed of 0.76MHz.

Currently the speed of the instruction set simulators are slower
than those hand-coded ones. In the StrongARM case, the synthe-
sized simulator runs at about 1/3 the speed of our hand-coded simu-
lator. There are two main reasons for the difference. First, the syn-
thesized simulator utilizes bit-true data types for state variables and
for computation, while the hand-coded simulator uses native data
types. The overhead of using the bit-true data types slows down the
simulation speed. Such overhead also exists in synthesized cycle
accurate simulators, but they are less sensitive to the overhead as
data copying and computation constitute only a tiny fraction of their
execution time. Second, since we use the same MADL description
to generate the instruction set simulator as well as the cycle ac-
curate simulator, the synthesized instruction set simulator executes
the operations following the state diagrams designed for cycle ac-
curate simulation. So for each operation, it will undergo the nor-
mal stages of fetching, decoding, evaluation and result write-back.
In contrast, the the hand-coded simulator does not have to follow
these stages and can thereby benefit from some processor specific
optimizations. In the StrongARM case, the hand-coded simulator
evaluates the predicate operand of an instruction prior to fully de-
coding it. If the predicate operand is false, the instruction will be

skipped and its decoding/evaluation can be saved. Such early eval-
uation of the predicate operand is not possible in the cycle accurate
simulator due to timing constraints.

The speed of the instruction set simulators can be improved by
using different MADL descriptions from those used to generate cy-
cle accurate simulators. However, we believe that it is valuable to
synthesize both types of simulators from the same description as it
improves productivity and preserves consistency. We expect to im-
prove the instruction set simulation speed by implementing more
aggressive optimizations in the MADL compiler.
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Figure 11: StrongARM simulation speed comparison

The MADL specifications for Hiperion and StrongARM include
the annotations needed for compiler optimizations as shown in Ta-
ble 1. From the core and the annotation layers of both descriptions,
we extracted all the respective reservation table information such
as scheduling resources, resource usages and operand latencies in a
low level format. For the StrongARM, 6 physical resources and 548
reservation tables were generated, whereas, 5 physical resources, 7
virtual resources and 164 reservation tables were generated for the
Hiperion. The virtual resources for Hiperion were generated by the
ARA tool for irregular ILP constraint modeling.

The bulk of the annotation paragraphs for the Hiperion, how-
ever, are for the register allocator tool due to the irregular nature of
the architecture. From the Hiperion MADL description, we auto-
matically extracted the register allocation constraints for an AMPL
based ILinP model. The total number of processor specific AMPL
constraints generated is 660. In the presence of such a large num-
ber of constraints, automating the extraction of constraints from a
machine description is of great value.

6. RELATED WORK
Different ADLs emphasize different aspects of microprocessors

and adopt different architecture models. Their design is commonly
influenced by the tools that they intend to support. This section
gives an overview of the ADLs designed for supporting both simu-
lators and compilers.

MIMOLA [18] and UDL/I [1] were mainly designed to support
hardware synthesis. They are based on the discrete event model of
computation and describe micro-architectures at the register trans-
fer level. They can be used to model arbitrary digital hardware and
therefore are among the most flexible ADLs. Due to such low level
of abstraction, it is inefficient to model complex microprocessors
with these languages. Moreover, processor specifications in these
languages can only be analyzed and utilized by compilers under
certain assumptions that constrain the target architectures to only
those with simple pipeline control.

ISDL [7] and the early version of nML [4] were mainly designed
for retargetable compiler generation. nML was later extended to in-
clude architecture-template-based pipeline information [16]. Both
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ADL range prod. eff. ease

MIMOLA,UDL/I ++ - - -
ISDL,nML - + + +
EXPRESSION - + + +
LISA + + + -
MADL + + + +

Table 3: ADL comparisons

languages utilize register-transfer-lists to abstract the behavior of
individual instructions. These languages can support both simula-
tor and compiler generation for a small range of architectures such
as DSPs.

EXPRESSION [8] is a research language developed for the syn-
thesis of both compilers and simulators. It uses a coarse grained
netlist to model the pipeline structure. The language was later
extended with ad-hoc functional abstraction models for hardware
control specification [11].

LISA [12] is a pipeline description language. It utilizes the L-
chart to model operation flow in the pipeline. It adopts a C-like syn-
tax and several pipeline control APIs to support the specification of
pipeline control logic. With manual assistance for instruction la-
tency specification, instruction schedulers can be generated from a
LISA description for several DSP and ASIP architectures [17].

In Table 3 we compare the existing ADLs and MADL through
metrics such as the range of supported architectures, the modeling
productivity, the efficiency of synthesized simulators, and the ease
to extract architecture properties for compilers’ use. MADL is less
flexible than MIMOLA or UDL/I since it models only processor
cores. However, on the whole MADL is very well balanced in all
four aspects. Therefore, we believe that it is a practical and promis-
ing language for use in programmable platform development.

7. CONCLUSION
In this paper, we extend the OSM architecture model to include

the communication and computation actions. The model naturally
captures the concurrency at the operation and the hardware layer
as well as the mapping between them. Based on the OSM model,
we present an architecture description language MADL that con-
tains a core layer and an annotation layer. The two-layer structure
separates key architecture properties from volatile implementation
dependent information, thereby lengthening the lifetime of MADL.
The language can be used to model a broad range of architectures.
We demonstrate that with proper annotation schemes, MADL de-
scriptions can be used to assist the generation of efficient cycle ac-
curate simulators, instruction set simulators, register allocators and
instruction schedulers. Our ongoing work involves describing more
architectures and extending the descriptions for use in more tools,
particularly compiler components.
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