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Preface

This book describes how to use LSE. It includes information on LSS, writing configurations, using the
various APIs available to code points, using the emulator and debugging.

Typographical conventions used in this book

The following typefaces are used in this book:

« Normal text

« Emphasized text

« The name of a program variable

- The name of a constant

« The name of an LSE module

- The name of a package

« The name of an domain class

« The name of an domain implementation
- The name of an attribute in a domain implementation description file
« The name of an emulator

- The name of an emulator capability

« The name of a module parameter

« The name of a module port

 Literal text

« Text the user replaces

- The name of a file

« The name of an environment variable

- The first occurrence of a term



Chapter 1. Using emulators

The Liberty Simulation Environment provides the ability to liekulatorsinto a simulation. Emulators
areabstractionsof the architectural state and the semantics of instructions. This chapter describes how to
use emulators in the Liberty Simulation Environment. The APIs, data types, and structures used with
emulators are called tremulation interface

The chapter begins with an explanation of general concepts about emulators. It tells a few things you
need to know to use the interface successfully. It then describes how to accomplish common tasks with
the emulation interface. For all the details of the emulation interface, see the chapter &mtitlidion
Interfacein The Liberty Simulation Environment APl Reference Manual

Concepts

The emulation interface vs. the emulator interface

The emulation interface described in this chapter is a "front-end" interface; this is the interface used
when writing modules and configurations. Itistthe interface presented by the emulators themselves;
that interface (themulator interfacgis not called directly from modules or configurations (thus it is a
"back-end" interface) and is describedTihe Liberty Simulation Environment Developer's ManusSE
provides a translation layer between the front-end (emulation) interface and the back-end (emulator)
interface. This translation layer provides a level of indirection and function renaming and allows multiple
emulators to be supported in the same simulation.

Capabilities

Emulators are not all alike; LSE is able to support emulators with differing services and levels of detail.
For example:

- The level of control of instruction execution can vary. For example, some emulators may only provide
an interface which executes the instruction atomically. Others may provide interfaces allowing
different parts of the instruction to be executed at different times.

« The amount of information provided by the emulator can vary. For example, some emulators will
provide detailed information about all state read and written by an instruction; others will not.

- An emulator need not be complete. Some emulators may leave difficult microarchiture-dependent
semantics (e.g. register windowing) up to the microarchitecture simulator. In such cases, the
configuration must include modules and code which can "fill-in" the behavior.

Because there are so many variations to the services provided by an emulator, the functionality of
emulators is broken up into units calledpabilities A capability is simply a name for a specific piece of
functionality; its presence indicates that a particular set of datatypes, data structure fields, and API
functions is available for use. An essential part of any emulator’'s documentation is a listing of what
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capabilities it supports. This chapter also indicates which datatypes, fields, and API functions are
provided by each capability.

Instructions

The basic unit of abstraction of semantics in emulators ig$teuction Almost all emulation API calls
include a reference to a structure holding information about an instruction. The exact definition of an
instruction is intentionally vague; it can be understood in the traditional sense of "an individual
command® or as a set of state updates that are related.

Instructions usually pass through several common steps:

fetch get the instruction from instruction memory

decode determine instruction characteristics

opfetch fetch instruction source operands (input state)

evaluate determine results (values to place in output state) of instruction

writeback make results visible to later instructions (update output state at least
temporarily)

commit make results permanent (make output state updates permanent)

This simple linear order is not appropriate for all architectures; for example, some architectures may
require some input state to be read before decoding due to features such as mode bits or rotating
registers. Each emulator may merge, subdivide, or reorder the steps as necessary for the ISA being
emulated. However, all emulators are required to provide a division of these steps into a "frontend”
corresponding roughly to "fetch and decode", a "backend" corresponding to roughly to "operand fetch,
evaluate, and writeback", and a "commit" step.

Update of memory state: The way in which emulators handle update of memory state can be
confusing. Emulators often update this state as part of the writeback step, not the commit step. This
contrasts with the normal practice of microprocessors, which is to delay writeback of memory (i.e.
stores) until the commit stage. This confusion occurs in part because of the use of the same names
for emulation steps and microprocessor pipeline stages when the semantics are slightly different. For
an emulator, writeback is "making results visible to later instructions" and commit is "making results
permanent", which are two distinct operations. Microprocessors rarely can separate the two
operations for stores (because they usually can’t have speculative memory state) and thus usually
delay the writeback operation until it can be done with the commit. Note, however, that
microprocessors often do make stores visible to later loads in the same processor through use of a
store buffer, which is a form of speculative memory state.

So what does this mean practically? If you are performing a simulation where there is no sharing of
data between processors and there is bypassing from the store queue, and the emulator supports
speculation (see the Section called Handling speculation), you should be able to just writeback your
memory operands at writeback and all will be well. If these conditions do not apply, you will need to
skip the writeback step and use the operandval capability to writeback memory result operands
when they actually need to become visible. If the time when a memory result needs to become
visible varies (e.g., you have both internal store bypassing and external sharing of data), you will
need to make it visible at the later time and supply the value explicitly to instructions which would see
it before that time by appropriate manipulation of the operand pointers in instruction information
structures. (See the Section called Manipulating operand values.)
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Contexts

Instructions operate within sonexecution contex® context is simply a name for the set of state
available for an instruction to operate upon. Some emulation API calls include explicit references to a
context, but generally once an instruction instance has been created, the context is implicit in the
instruction reference.

There are two kinds of contexts in LSE. The first kind of contextaedware contextcorresponds

roughly to the actual state elements in the simulation model. A uniprocessor simulation would have a

single hardware context; multiprocessor simulations would typically have as many hardware contexts as
there are processors. Shared state is represented by hardware contexts which have some state in common.

The second kind of context issoftware contexfThese contexts exist because emulators may emulate
operating-system functionality. Such functionality often includes virtualization of the processor and
other resources. When this functionality is present, emulators can maintain more contexts than simply
the hardware contexts; these software contexts correspond to processes or threads.

LSE maintains a mapping of software contexts to hardware contexts. References to hardware contexts
are dereferenced to access the mapped-in software context. The mappings are usually modified by
emulators, but the mappings can also be manipulated by modules or configurations. Mappings can
change during the course of the simulation (this is calledrdext switch but the mapping for a given
dynamic instruction instance is set at the time that the instruction instance is created.

Context mappings are also used to determine when to terminate simulation. Simulation normally
terminates when all hardware contexts have no software context mapped to them.

TO DO

Explain better how termination works with emulators and other domains as well...

State spaces

The state available in a context is divided into a sedtafe spacesThese state spaces provide names for
pieces of state as well as differing semantics for different kinds of state (e.g. registers vs. memory).
Sharing of state happens at a state space granularity. Emulators are responsible for defining the state
spaces available to a context.
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Using the emulation interface

Declaring the emulator in Iss

Emulators are a particular kind of domain class and, as such, are declared to Iss in the same way as other
domain classes. The domain class name for emulattSEs emu

An emulator implementation is generally named for the ISA which it supports. Thus, the emulator
supplied with LSE for the Intel IA64 architectureiSE_1A64.

To apply an emulator to a simulation, put the following code at the head of your configuration file:

using LSE_emu; O
var emu = LSE_emu::create("inst0","LSE_IA64", ad
"command argument list ")
: domain ref;
add_to_domain_searchpath(emu); O

Bring theLSE_emuwomain class into scope.

Create an emulator instance nanrestO  with implementatior.SE_IA64. The final argument
gives command-line arguments for the emulator which will be presented to it at run-time; allowing a
configuration to set "default" command-line arguments for the final simulator.

Note: The use of the final argument is not yet implemented.

O Add this emulator instance to the domain search path for all module instances below this instance (in
this example, the top-level).

References to emulator types can be made using the LSS package syntax, e.g.,
LSE_emu::SIM_emu_addr_t . References to a particular emulator instance’s implementation of an
emulator type can be made using a function-call like synt8€_emu::SIM_emu_addr_t(emu)

Warning

Multiple emulators can be instantiated by repeated use of the above syntax.
However, support for multiple emulator instances is not yet implemented and will
result in link-time errors.

Datatypes

The emulation interface provides several datatypes to represent common datatypes in ISAs or
information about instructions. Some of these datatypes (such as the datatype for target addresses) are
specified by the underlying emulator. Others of the datatypes are constructed based upon the capabilities
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of the underlying emulator; for example, emulators which do not provide information about branch
targets do not have a field to record that information in their instruction information structure.

The following is a list of the most useful datatypes provided by the emulation interface. For a complete
list, including information about what capabilities are required for a certain type or structure field to be
present, see the chapter entitlechulation APIlin The Liberty Simulation Environment API Reference
Manual

+ LSE_emu_addr_tis an address in the ISA.

« LSE_emu_contextno_tis a global context number type. Context numbers greater than zero are
hardware contexts; context numbers less than zero are software contexts. Zero indicates "no context".

- LSE_dynid_t is the ubiquitous dynamic message identifier type. This structure should only be accessed
using accessor functions (elgBE_dynid_get ).

« LSE_emu_instr_info_tcontains information for a dynamic instance of an instruction. This information
includes the the address, decode information, operand information, address of the next instruction to
execute, operand values, and results of the instruction (potentially including intermediate results). This
structure should only be accessed using accessor functions$€.gemu_instr_info_get ).

- LSE_emu_instrstep_name_is an enumerated type whose values are the evaluation step hames for an
emulator. For example, if there is an instruction step named "readmem”, there is an value
LSE_emu_instrstep_name_readmem

« LSE_emu_operand_info_tcontains information about instruction operands. This information includes
whether the operand is needed for the instruction, whether it is an immediate, the state space identifier
and address for the operand and the starting location and ending location within the register. Accessor
macros are not needed for this structure.

« LSE_emu_operand_name_{s an enumerated type whose values are the operand names for an emulator.
For example, if there is an operand named "left", there is an va&&eemu_operand_name_left

« LSE_emu_operand_val_tcontains information about instruction operand values. This information
includes whether the operand value is valid and its value. Accessor macros are not needed for this
structure.

« LSE_emu_spaceaddr_is a union type which can hold addresses within state spaces. The fields have
the names of the state spaces for the particular emulator. There is also a default field 8&ned

« LSE_emu_spaceid_is an enumerated type whose values are the state space identifiers for an emulator.
The names of the values are the names of the state spaces. For example, if there is a state space named
GR there is a valueSE_emu_spaceid_GR .

« LSE_emu_spacetype_is an enumerated type definining possible state space types. Its possible values
are:
LSE_emu_spacetype_creg
LSE_emu_spacetype_mapping
LSE_emu_spacetype_mem
LSE_emu_spacetype_reg

Dealing with multiple emulator instances

Datatypes depend upon the underlying emulator instance. For exar8plesmu_addr_trepresents
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addresses in a target ISA. For a 32-bit ISA, it would be a 32-bit integer, but for a 64-bit ISA it would be a
64-bit integer. When there is more than one emulator instance in a particular simulator, (e.g. when
simulating a multiprocessing system with heterogenous processors), you cannot simply use a type name
such ag SE_emu_addr_t, to which emulator’s address type does it refer?

LSE attempts to infer the emulator instance you wish to use; the normal algorithm is to use the domain
search path (naturally, as emulators are a domain class). What this means is that the domain search path
is searched for domain instances which define the identifier in question. The domain search path is
inherited from the parent module in the module instance hierarchy, but can be prepended to by any
particular module. And, of course, code insldetriple-angle-brackets is evaluated with the search path

of the final module in which it is placed.

When you do not wish to use the domain search path, use the domain instance notation. For types and
constants, this is:

LSE_emu_addr_t(] emulator instance name 1

The square brackets are required. Ensulator instance name must be a literal parameter.

Similarly, API functions can be qualified with the emulator instance name and must be qualified if LSE
cannot infer the emulator to use. You use the same syntax as for types:

function_name ([ emulator instance name 1)( arguments )

Using an emulator instance name when one is not allowed will result in odd errors at code generation or
code compilation time.

Things to watch out for

Open Issue

« Emulation interface calls often have side effects on state; care is needed w.r.t. multiple
invocations of modules/control points calling them.

« Cross-instruction semantics rules

The most basic tasks

Assigning an execution context

All instruction execution takes place within a context. In order to create an instruction instance, modules
must have a hardware context number. This context number may be provided by a parameter or a
constant; parameters are recommended.
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Hardware context numbers are positive integers starting with 1. Hardware contexts must be created
before they are used. Hardware context numbers should be assigned without "skipping" in the numbering
scheme for best performance.

Hardware contexts will normally have a software context mapped to them, if possible, as they are
created. Ways of preventing this and controlling the process in much finer detail are are desdtiked in
Section calledAdvanced context handling

Software context numbers are negative integers starting at -1. 0 is "no context". Software context
numbers should also be assigned without "skipping" in the numbering scheme for best performance.

Note that both software and hardware context numbers use the same datatype, but have non-overlapping
values. This unusual numbering scheme allows emulation API functions to accept either software or
context numbers as parameters.

Not all modules will need to know the context. If a module simply operates on an instruction that it
received upon an input port, the information about the context is already present in the instruction
information structure. In general, only modules which create new dynamic message IDs or use emulation
API calls which do not have a dynamic message ID as an input parameter will need to determine the
execution context.

Finding the first instruction to execute

Once it has a hardware context number, a module may need to find the first instruction to execute in this
context. This is done by callingSE_emu_get_start_addr in the following fashion:

LSE_emu_addr_t addr;
LSE_emu_contextno_t cno;

addr = LSE_emu_get_start_addr(cno);

This function need not return the same value after API function calls which cause parts of an instruction
to execute, as emulators may use the context’s starting address to track some internal concept of
“"current" instruction.

Creating a dynamic instruction instance

When you create a dynamic instruction instance, there are two things you must do:

LSE_dynid_t d;
LSE_emu_contextno_t cno;
LSE _emu_addr t a;
/I get the context number (cno) and address (a)
d=LSE_dynid_create(); O

LSE_emu_init_instr(d,cno,a); 0O

O Create the dynamic ID structure.
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O Notify the emulator, setting hardware context number and address. The mapping from hardware to
software context numbers becomes fixed for this instruction at this time.

Executing an instruction (simple form)

As described before, instructions conceptually pass through six steps which may be merged, split, or
reordered by the emulator. The emulator is required to provide "frontend", "backend", and "commit"
groupings of these steps so that it becomes possible to perform the "frontend" steps followed by the

"backend" steps followed by the "commit" steps and get correct execution of the instruction.

The emulator interface provides three API functions for performing the "frontend", "backend", and
"commit" stepsLSE_emu_dofront , LSE_emu_doback , andLSE_emu_docommit . These APIs are

called thesimple formof execution. Emulators are encouraged to make the break between the frontend
and backend occur after instruction fetch and decode but before operand fetch, if possible. Emulator
documentation describes where the break actually occurs and what data fields are valid at the break. The
break between the backend and commit has to do with speculatiothés8ection calletHandling

speculatioi.

Thus, to fully execute an instruction, you need only use:
LSE_dynid_t d;

LSE_emu_dofront(d);
LSE_emu_doback(d);
LSE_emu_commit(d);

Note: Not all emulators will work with just this simple interface because some emulators require
notification of "time" passing between instructions or may require the microarchitectural model to
manage some state. You must consult the documentation for each emulator to determine whether
the simple form of execution is sufficient.

Finding the next instruction

To execute a program, some module or modules will have to generate dynamic IDs for the entire
instruction stream over the course of the simulation. To do this, they may need to know how to find the
next instruction in the stream. The necessary API functions have already been introduced; simply use
LSE_emu_dynid_get to get fieldnext_pc of the instruction information to get the next address after
an instruction has been evaluated, and then create a dynamic ID for the new instruction.



Chapter 1. Using emulators

Determining when a context is finished

A hardware context is finished when it no longer has a software context mapped to it. This can be
determined by calling SE_emu_get_context_mapping ; when this function returns the special
context number 0, there is no software context mapped to the hardware context.

TO DO

Some other part of the manual should cover termination conditions for the simulation. For
now, we'll just say that simulation terminates when either LSE_sim_terminate_now  is
non-zero or LSE_sim_terminate_count is zero or the simulator has no more scheduled time
steps.

Putting it all together

The following code snippet should be able to execute code with many simple emulators.

LSE_dynid_t d;
LSE_emu_addr_t addr;
LSE_emu_contextno_t cno;

/I mystically determine what hardware context to use
addr = LSE_emu_get_start_addr(cno);

while (LSE_emu_get_context_mapping(cno)) {
d=LSE_dynid_create();
LSE_emu_init_instr(d,cno,addr);
LSE_emu_dofront(d);
LSE_emu_doback(d);
LSE_emu_docommit(d);
addr = LSE_emu_dynid_get(d,next_pc);
LSE_dynid_cancel(d);

The above example actually has a subtle problem. B dynid_cancel  function does not
immediately release memory taken up by a dynid. As a result, the above loop will likely run out of
memory. In situations where you have a potentially unbounded number of instructions like this, you
should not cancel the dynid and create a new one, but instedgsdynid_recreate to "clean out”
the old dynid structure:

LSE_dynid_t d;

LSE_emu_addr_t addr;
LSE_emu_contextno_t cno;

/I mystically determine what hardware context to use
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addr = LSE_emu_get_start_addr(cno);
d = LSE_dynid_create();

while (LSE_emu_get_context_mapping(cno)) {
d=LSE_dynid_recreate();
LSE_emu_init_instr(d,cno,addr);
LSE_emu_dofront(d);
LSE_emu_doback(d);
LSE_emu_docommit(d);
addr = LSE_emu_dynid_get(d,next_pc);

}
LSE_dynid_cancel(d);

Be aware also that the above example only works for emulators which do not attempt to context switch.
Seethe Section calletHandling context switchdser further information.

basic tasks

Disassembling instructions

Emulators with thelisassemblean display the disassembly of instructions. This capability can be
accessed by callingSE_emu_disassemble . You must have a dynamic ID for the instruction, but need
not have fetched or decoded the instruction.

Accessing instruction information

Information for the instruction is placed in the instruction information structure. It is accessed using the
LSE_emu_dynid_get macro. The different fields of the instruction typically become available at
different steps of execution of the instruction; the emulator documents when they become available.

It is possible to update the instruction information structure using 8¢ emu_dynid_set macro. The
emulator may or may not use this updated information depending upon the information and what steps of
execution have already been performed. The emulator documentation should make clear what happens
when instruction information is updated.

Decoding instruction classes

Emulators offer a means of classifying instructions. This classification is stored in the instruction
information structure and can be accessed via 8 emu_instr_info_is andLSE_emu_dynid_is
function calls. An instruction may belong to more than one class.

Unfortunately, emulators do not all provide all possible classes. Indeed, some classes would make very
little sense for some emulators. Furthermore, defining all "reasonable” classes is a task requiring a crystal
ball. Therefore, emulators are allowed to provide any set of classes which they desire. Emulator writers
are encouraged to use standard class names, which are listed below, but cilydffect  class is
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required. You can learn whether an instruction class is supported by an emulator by calling
LSE_emu_has_instr_class

Table 1-1. Standard instruction class names

Class name Purpose

cti The next instruction might not be the next one inline.

indirect_cti The next instruction might not be the next one inline and the target is
unknown from just the instruction itself and its address.

load The instruction loads from memory.

store The instruction stores to memory.

sideeffect The instruction has a side effect which cannot be accounted for as a
described state manipulation. This class is required.

unconditional_cti The next instruction is definitely not the next one inline. Should also be

classified asti

An example of the use of these APIs is:

boolean is_a cti;
LSE_dynid_t t;

#if LSE_emu_has_instr_class(cti)
is_a_cti = LSE_emu_dynid_is(t,cti);
#else
#error Attempted to use instruction class cti that emulator does not provide
#endif

Determining branch targets and direction

In many situations, knowing more than just the next instruction is useful; it may be useful to know
potential branch targets, inline addresses, and the direction of a branch (taken or not-taken). Emulators
with thebranchinfocapability can provide this information. The step of evaluation at which it is

produced depends upon the emulator; this must be documented by the emulator. Many emulators make
inline addresses and direct branch targets available as part of the decode step.

All the branch information can be obtained by usir&®:_emu_dynid_get ; the relevant fields are
branch_dir  andbranch_targets . Fieldbranch_num_targets gives the actual number of
targets. The inline (not-taken) address is counted as a target and is &haagh_targets  [0] .
Unconditional branches still treat the non-taken address as target number 0; the "unconditionality” is
reflected inbranch_dir  for these instructions being always greater than 0. The maximum number of
branch targets is the constarffE_emu_max_branch_targets

TO DO

Example

11
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Thenext_pc field is normally the branch target in the branch direction. However, it does not have to
be; when the expression

LSE_dynid_t id;

(LSE_emu_dynid_get(id,
branch_targets[LSE_emu_dynid_get(id,branch_dir)])
1= LSE_emu_dynid_get(id,next_pc))

is true after the instruction has been completely evaluated, there has diseorminuityin instruction
execution. Emulators can cause discontinuities due to signal handlers, callbacks, or "longjmp" like
instructions or OS calls. If an emulator can have such behavior, the microarchitectural model must use
the above expression to detect it and respond accordingly. Emulator documentation states whether a
discontinuity can occur.

Comparing the age of instructions

Many schemes for detecting dependencies between instructions rely upon comparing older instructions
VS. hewer instructions, where age is the position in "program order". While this information is often
implicit in "where" in a microarchitectural structure an instruction is (e.g., older instructions are closer to
the tail of queues), it can be useful to simply compare the age of two instructions. This is done by
comparing theédno fields of the dynamic message identifier:

LSE_dynid_t a, b;
boolean a_olderthan_b;

a_olderthan_b = LSE_dynid_get(a,idno) < LSE_dynid_get(b,idno);

Obtaining state space information

There are several API functions which return information about state spaces as provided by the
emulator’s description file. They are:

« LSE_emu_get_statespace_name - returns a string with the state space name.

« LSE_emu_get_statespace_size - returns the number of locations in the state space, ifitis less
than2/31 - 1 .

« LSE_emu_get_statespace_bitsize - returns the number of bits needed to address the state space.

- LSE_emu_get_statespace_type - returns the state space type.

« LSE_emu_get_statespace_width - returns the width of locations in the state space.

. LSE_emu_statespace_has_capability - Does the statespace have a particular capability?

There is also a constant name®E_emu_num_statespaces  which is the number of state spaces in the
emulator.

12
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TO DO

Write an example.

Detecting register-carried data dependencies

Register-carried data dependencies between instructions can be detected when the emulator implements
the operandinfacapability. This capability indicates that the emulator provides information about the
source and destination operands of an instruction. These operands are typically the register and
immediate operands. They do not generally include memory operands, unless the address is known
statically.

Operand information is generally provided when the decode step is performed. It contains only
information about which state is accessed,imttoperand values. The operand information is stored in
arrays of type.SE_emu_operand_info_twithin the LSE_emu_instr_info_tstructure; the field names and
formats are described later.

Emulators provide "names" for the entries in the operand information arrays; these names describe what
the operands are intended for. For example, a simple DLX-style architecture might have source operands
named "Left" and "Right" and a single destination operand named "Result". The choice of names is left
to the author of the emulator; there is no enforced standardization of names.

Operand names are provided as values of the enumar@ie@mu_operand_name_and have the form
LSE_emu_operand_name_ emulator-supplied-name . For example, in the simple DLX-style
architecture mentioned above, the names wouldd® emu_operand_name_Left ,
LSE_emu_operand_name_Right , andLSE_emu_operand_name_Result

The operand information is supplied in two fields addetdS8_emu_instr_info_t

. operand_src [LSE_emu_max_operand_src |- array of source operand information. These are
operands which are read by the instruction.

. operand_dest [LSE_emu_max_operand_dest ] - array of destination operand information. These
are operands which are written by the instruction.

The information for each operand i 8E_emu_operand_info_tstructure. This structure has fields for
the state space numbeap@ceid ), address within the state spaspdéceaddr ), and operand usage
information (Used ). The usage information is a union; for register accesses, the relevant field is
(uses.reg.bits ).

Not all operand names need refer to registers; memory operands, immediate operands, and unused
operands (i.e. this instruction uses less than the maximum number of operands) may all be present.
Register accesses can be distinguished from memory accesses either through emulator-specific
convention about how operand names are used or throudlstheemu_get_statespace_type

function.

Unused operand names for a particular instruction are markedspétteid equal to 0 and
spaceaddr.LSE equal to 0. Immediate operand names are markedspiticeid equal to 0 and
spaceaddr.LSE not equal to 0. Some destination operands may also not be registers or memory
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accesses. These are marked as immediatesspitbeid equal to 0 andpaceaddr.LSE not equal
to 0.

There are three additional API function calls which may be of use. Thelf&t,emu_spaceref_equ
compares two state addresséigeady determined to be in the same spticsee whether they are equal.
This function must be used for equality testing because the state space addresses can have varying

numbers of bits or can even be strings. The secb®H, emu_spaceref is_constant , returns
whether a particular register is a constant, as general register 0 is in many ISAs. The third,
LSE_emu_spaceref_to_int , maps a state space address to an integer.

The following code segment compares two dynamic instructions to see whether there are any
read-after-write (RAW) or write-after-write (WAW) register dependencies between them, ignoring the
exact bits involved and dependencies after writing a constant register:

int ij;
LSE_dynid_t firsti, secondi;
LSE_emu_operand_info_t firstop, secondop;

/I find RAW and WAW dependencies
for (i=0 ; i < LSE_emu_max_operand_dest ; i++) {

firstop = LSE_emu_dynid_get(firsti,operand_dest[i]);

/I immediates, irrelevant, and constant registers do not form dependencies
if (firstop.spaceid <= 0 ||
LSE_emu_get_statespace_type(firstop.spaceid)!=LSE_emu_spacetype_reg ||
LSE_emu_spaceref_is_constant(firstop.spaceid,firstop.spaceaddr))
continue;

/I look for RAW
for (j=0 ; j < LSE_emu_max_operand_src ; j++) {
secondop = LSE_emu_dynid_get(secondi,operand_srclj]);
if (LSE_emu_spaceref_eq(firstop.spaceid, firstop.spaceaddr,
secondop.spaceid,secondop.spaceaddr)) {
. ; Il process RAW
}
}

/I look for WAW
for (j=0 ; j < LSE_emu_max_operand_dest ; j++) {
secondop = LSE_emu_dynid_get(secondi,operand_dest[j]);
if (LSE_emu_spaceref_eq(firstop.spaceid, firstop.spaceaddr,
secondop.spaceid,secondop.spaceaddr)) {
. ; Il process WAW
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Obtaining memory access information

You may wish to find out details about data memory accesses performed by an instruction. These details
can include the effect address of the access, the size of the access, and flags indicating the type of access
and attributes such as atomicity. Emulators withdperandinfocapability may provide this information,

but are not required to. The information is stored withintB&_emu_operand_info_tstructure. The

exact offset within this structure is emulator-dependent.

The address of the access is stored insiheceaddr field of the operand. Access size and flags
describing the access appear intises field of the operand in sub-fields namedm.size and
mem.flags , respectively. There are a few pre-defined flag values; additional values are
emulator-dependent.

The pre-defined flag values are:

Table 1-2. Memory access flags

Flag name meaning

LSE_emu_memaccess_read The access is a read. This can usually also be implied by whether
the access is reported in the source or destination operands of the
instructions.

LSE_emu_memaccess_write The access is a write. This can usually also be implied by whether
the access is reported in the source or destination operands of the
instructions.

LSE_emu_memaccess_atomic The access is atomic with respect to some other access in the
instruction.

LSE_emu_memaccess_noaccess | No actual access is required; prefetches and probe instructions
might set this flag.

You may wish to obtain the access information without actually performing the accesses. For example,
you may be simulating a multi-processor, and the exact timing of accesses will affect the data values
seen. This can only be accomplished if the emulator has broken the evaluation step (for loads) and
writeback or commit step(for stores) into a part that computes access information and another which
performs the access.

Detecting memory-carried data dependencies

Memory-carried data dependencies (i.e. data dependencies between load and store instructions) can be
discovered when the emulator supplies memory access information as discussed in the previous section.
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Advanced context handling

Handling context switches

Some emulators may perform context switches — changes of the software-to-hardware context
mappings. A context switch can be detected by comparing the software contexs\{fegldtextno )
of a particular instruction with the current mapping:

LSE_emu_contextno_t hcno; // hardware context number

LSE_dynid_t tid;

boolean contextswitched;

/) tid created with hardware context hcno .

contextswitched = (LSE_emu_get_context_mapping(hcno) !=
LSE_emu_dynid_get(tid,swcontext));

Emulators attempt to update the starting address of a context when it is switched out so that later calls to
LSE_emu_get_start_addr for the old context will return the next instruction to be executed in that
context. Usually, the assumption is that if an instruction X caused the context to be switched out, the
instruction after X should be the next instruction in the context. The assumption made depends upon the
emulator.

Emulators cannot in general successfully update the starting address if a context is switched out because
of some instruction executing in another context or some microarchitectural event. This is because
emulators do not have any idea of the semantics of microarchitectural events with respect to
"outstanding” vs. "completed" instructions (if it even tracks such state, which most do not). In such

cases, the microarchitectural model must update the starting address by using

LSE_emu_set_start_addr . A software context number should be used as an input parameter to this
function rather than a hardware context number if the software-to-hardware mapping has already been
changed when the function is called.

Controlling context mapping

Mapping between software and hardware contexts normally occurs automatically as contexts are created.
It is possible to prevent this mapping for a particular context by setting a flag calleditheap flagor

the context t&-ALSE. The initial value for this flag is provided as a parameter when the context is created.

It can be changed by callingsE_emu_set_context_automap . Note that when the automap flag is

changed fronFALSEto TRUEfor a context, the underlying emulator may immediately map the context.

The mapping itself can be directly set by callinGE_emu_map_context . This function takes a
software context number and a hardware context number as parameters and maps them to each other.

Creating and destroying software contexts

Software contexts are normally created by the initialization code of the simulator main program (which
knows about command-line arguments) or by instructions in the emulators. However, they can be created
by modules.
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Software contexts are created by callir®E_emu_create_context . This function takes two

parameters: a context number and the initial automap flag for the context. context participates in
automatic context mapping. To create a software context, a software context number should be used. If
the context number exists, the function works lil&E_emu_set_context_automap ; existing state

values in the context are not lost. An unused context number can be found by calling
LSE_emu_get_contextno

Programs can be loaded into software contexts by call§) emu_load_context . This function also
sets the starting address of the software context; the starting address can be set explicitly with
LSE_emu_set_start_addr

Software contexts cannot currently be destroyed.

Creating and destroying hardware contexts

Hardware contexts are also normally created by the initialization code of the simulator main program.
They can also be created by modules.

Like software contexts, hardware contexts are created by caiigemu_create_context  , but the

context number supplied as a parameter needs to be a hardware context number. If the context number
exists, the function works likeSE_emu_set_context_automap ; existing state values in the context

are not lost. An unused context number can be found by call#f emu_get _contextno

Hardware contexts cannot be destroyed.

An example of context mapping

This example creates two hardware contexts and a software context and maps the software context to the
second hardware context, leaving the first hardware context free to participate in automatic mapping.

int argc;
char *argv[], **envp;

LSE_emu_create_context(1,TRUE); O

LSE_emu_create_context(2,FALSE); a
LSE_emu_create_context(-1,FALSE); a
LSE_emu_load_context(-1,argc,argv,envp); O
LSE_emu_map_context(2,-1); ad
O Create a hardware context with automatic mapping.

0 Create a hardware context without automatic mapping.

O Create a software context without automatic mapping.

O Load a program into the software context.

O Map the first software context to the second hardware context.
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Sharing state

Open Issue

While it's easy enough to specify an API for sharing a state space, I'm not sure how to go
about specifying sharing of portions of an state space or doing things like having two
contexts with shared memory with different addresses. Implementation-wise, I've some ideas
how to do it, but what's a reasonable API for this? In the meanwhile, emulators can certainly
share state in whatever form they have implemented.

More complex tasks

TO DO

- Exceptions

Executing an instruction (detailed form)

An earlier section presented the simple form of instruction execution. In the simple form, execution was
split into "front end”, "back end", and "commit” steps. This section introduces the more complex form,
which allows finer-grained steps to be executed.

Emulators divide up execution into whatever number of steps (at least two, however) the emulator writer
desires. These steps are each given names. The enumerate8Eypenu_instrstep_name_has values

which correspond to these names. The values have thelf®Ememu_instrstep_name_  step . For

example, if there is a step named "memread", there would be a value

LSE_emu_instrstep_name_memread . There is also a constab8E_emu_max_instrstep ~ which is

the maximum instruction step name value plus one.

An example set of names might be: fetch, decode, opfetch, alu, memaccess, writeback, commit.

The exact meanings of the steps are left up to the emulator, but typically correspond to stages of
instruction execution. Not all instructions may pass through all steps; attempting to execute a step which
is not defined for an instruction is legal and the emulator just ignores the attempt. Some step names may
be aliases for one another for convenience in describing different instructions. Executing all distinct step
numbers in ascending numerical order results in correct execution for emulators which are able to
correctly and completely execute instructions one at a time.
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There may be data dependencies between different steps of execution. If these data dependencies are
violated, the behavior of the emulator is undefined and may include crashing, though emulators are
encouraged to provide a "debug" mode where data dependencies are checked. To make the data
dependencies manageable by "generic" code, the value assignments for step names must be such that
performing the steps in order by value is a valid execution.

The API function which performs a stepliSE_emu_do_instrstep

The following code snippet should give correct execution for all emulators which do not have
cross-instruction dependencies and which have implemented complete instruction behavior:

LSE_dynid_t instr;
int i;

for (i=0 ; i < LSE_emu_max_instrstep ; i++) {
LSE_emu_do_instrstep(instr,i);

}

The following code snippet performs the execution step nhamed "readmem™:
LSE_dynid_t instr;

LSE_emu_do_instrstep(instr,LSE_emu_instrstep_name_readmem);

Manipulating operand values

It is often useful to be able to both inspect and change individual operand values which the emulator
uses. When theperandvalkapability is present, this can be done.

When theoperandvalkapability is present, there is an additional type for operand values. This type is
calledLSE_emu_operand_val_t It contains two fields. The first field, nameédlid is simply a "valid"

flag indicating that the operand value is valid. The second field, nalated, is nearly always a union
type of the different kinds of operand values possible in the emulator.

How operands are manipulated is best understood by considering source, destination, and intermediate
operands separately.

Source operands

Source operands are those that read from state. The instruction information structure has a field called
operand_val_src which is an array of source operand value structures (of type
LSE_emu_operand_val_}. These values are filled in (fetched) during the steps of operand execution.
After a value has been filled, later steps of execution use the value from the operand value array.

You may read and modify the operand value in the instruction information structure using the accessor
macros for instruction information.

Individual operands can be fetched into the operand value array usin§Ehemu_fetch_operand
API function. The following code snippet fetches only the source operands named "regl" and "reg2":

LSE_dynid_t instr;

19



Chapter 1. Using emulators

LSE_emu_fetch_operand(instr,LSE_emu_operand_name_reg1);
LSE_emu_fetch_operand(instr,LSE_emu_operand_name_reg2);

Fetching individual operands does not prevent instruction steps from fetching them again at a later time.

Another API function. SE_emu_fetch_remaining , fetches all source operands which have not yet
been fetched (i.e., those whosaid flags areFALSEfor an instruction.

Some emulators may require that certain operands be fetched before others (for example, a rotating
register base must be fetched before fetching source registers that can rotate). Such cases are documented
by the emulators; violating these dependencies causes undefined results.

This description has assumed that all operands can be manipulated in this fashion. This is rarely the case;
emulator writers choose which source operands to make visible or modifiable. For operands which are
not reported in this fashion, the values in this array will never become valid (thouglalide flag may

be set). For operands which are not modifiable, any changes to the reported values will be ignored.

Destination operands

Destination operands are those that write to state. The instruction information structure has a field called
operand_ptr_dest which is an array of destination operand vlaue structures (of type
LSE_emu_operand_val_}. All instruction steps which calculate a destination operand value place the
value in this array.

You may read and modify the operand value in the instruction information structure using the accessor
macros for instruction information.

Operands can be individually "written back" to state usingi®®& _emu_writeback_operand  API

call. This function makes later read accesses to the state referenced by the named operand return the new
value. It can thus be seen as updating "current" state. This update may or may not be permanent if
speculation is supported by the emulator; seeSection calletdandling speculation

There is also a field in the instruction information structure cadleerand_written_dest . This

field is an array of flags indicating that a paritcular destination operand has been written back. The
LSE_emu_writeback_operand  function sets the flag to true as a side effect of the writeback. Another
API function,LSE_emu_writeback_remaining , writes back all destination operands for which this
flag is not set.

A common use of individual control of writeback is to write back registers at the "writeback" stage of a
pipeline, while delaying writeback of memory to the "commit" stage. The following code snippet writes
back all register operands:

LSE_dynid_t instr;
LSE_emu_operand_info_t opinfo;

for (i = 0; i< LSE_emu_max_operand_dest; i++) {
opinfo = LSE_emu_dynid_get(instr,operand_dest]i]);
/I assume it is a register when a destination has a spaceid; could actually
/I check the space type
if (opinfo.spaceid>0 &&
LSE_emu_get_statespace_type(opinfo.spaceid)==LSE_emu_spacetype_reg) {
LSE_emu_writeback_operand(instr,i);

}
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}

This description has assumed that all operands can be manipulated in this fashion. This is rarely the case;
emulator writers choose which destination operands to make visible or modifiable. For operands which
are not reported in this fashion, the values in this array will never become valid (thougdlithe flag

may be set). For operands which are not modifiable, any changes to the values will be ignored.

Interactions with the speculation capability

Seethe Section calletHandling speculatiofior information about this.

Intermediate operands

Intermediate operands are those that are transitory, existing only for the duration of instruction execution.
Intermediate operand values are not accessed using pointers; instead, the values themselves are stored in
the instruction information structure. The field used is catipdrand_val_int and is an array of
LSE_emu_operand_val_tof width LSE_emu_max_oper_int

You may look at and modify internal operands at any time, bearing in mind the instruction steps in which
they are calculated and used.

Other considerations

It is important to bear in mind that manipulation of operand values is heavily dependent upon the
emulator. You must understand when the values become available and how they afdwagstonsult
the emulator documentation before using this capability.

Handling speculation

Speculation is another very important technique. For the purposes of this section, speculation is
performing any step of an instruction’s execution that mod#iesilatorstate when that instruction

might not commit. Modification of microarchitectural state (such as cache contents) in the presence of
speculation is up to the microarchitectural model to manage.

There are many sources of speculation. The most obvious one is control speculation, where instructions
modify state before a branch resolves. Another is data speculation, where instructions modify state using
operands that are not certain to be correct. Another important source we call exception speculation; this

is modifying state while a previous instruction could still signal a precise exception.

The key issue for handling speculation is how to gebasistenstate after mis-speculation has occurred.
The definition of consistent varies from architecture to architecture and even from condition to condition.
For example, an architecture may require precise recovery from branch misprediction (that is very
normal), but an imprecise recovery from floating point exceptions. Here precise means that the state of
the machine after the mis-speculation is handled is as if all instructions before some instruction have
committed and all instructions after it have not been executed at all.
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LSE'’s view of speculation recovery is that there is some notion of a "current” state and a "permanent"
state. LSE always assumes that any instruction operates on the current state, but updates the current and
permanent state at different times. Emulators may use different methods to maintain this separation of
state; the exact method is not relevant to the use of the emulator. If an emulator can support speculation
recovery, it has thepeculatiorcapability.

To "undo" the effects of speculation, use the API ¢SlE_emu_rollback_dynid . Because the
standard LSE modules often use messages ofliggeresolution_tto indicate mis-speculation, there is
also a functiorL,SE_emu_rollback_resolution which rolls back in bulk the instructions dependent
upon the mis-speculated instruction.

When rolling back many instructions, you should roll back in a reverse data dependency order (i.e. the
youngest dependent instructions first). Reverse program order should always be safe.
LSE_emu_rollback_resolution rolls back its instruction list in reverse order. It is possible to
selectively rollback instructions when imprecise handling of mis-speculation is preferred.

After LSE_emu_docommit has been called (when using the simple form of execution) or any of the
"commit" steps has been performed (when using the detailed form of execution), it is no longer legal to
call rollback API functions; undefined results will occur if you do so. Until one of these functions has
been called, it is possible to call a rollback API function, unless the instruction is marked (from decode)
as having side effects. Rollback APIs can never be called for instructions which have side effects. Some
emulators may have further restrictions on the order in which rollbacks or commit can occur; emulator
documentation describes these restrictions. Also, some emulators may not require the commit steps;
again, emulator documentation states this.

Warning

Emulators do not always provide speculation abilities for all the state they modify.
For example, it is very difficult (when it's not impossible!) to speculatively perform
I/O operations. Emulators always mark instructions with such problems as
belonging to the sideeffect  instruction class. In your microarchitectural model
you must ensure that such instructions are not executed speculatively.

Store instructions executed speculatively can also cause problems when an
emulated 1/O device is memory-mapped. The emulator may not be able to classify
such stores as having side effects. The configuration must check the effective
address if this is possible and not speculatively execute such stores. Of course, in
real hardware such stores should not be executed speculatively either.

Issues with imprecise speculation recovery

While imprecise recovery may be allowed, there are some situations in which it may be extremely
difficult to model correctly (or even build correctly). The basic problem is encountered when multiple
writers of some state are allowed to be "in flight" and an earlier one (in program order) is cancelled while
a later one is not, and the later one has already executed. In such a case, the current statetdfeuld

rolled back.

One common case in which this occurs is with "sticky" bits in status registers, such as those mandated by
IEEE-754. Emulators may choose to not distinguish between current and permanent state for such bits,
but this means thato recovery of speculative updates to this state is possible for such emulators.
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Another case arises when register renaming is part of the microarchitecture. Suppose that you have two
writes to register r4 in a machine that performs register renaming. Both writes are able to proceed
because of renaming. Suppose now that the first instruction is cancelled without cancelling the second
instruction. The cancellation restores an old value of r4, but the intervening write to r4 has made the
rollback obsolete.

Open Issue

What should we do about this problem?

A linked-list of values would do the trick where rollback deletes an old value from inside the
list (and commit would be required as well, clipping off earlier values), but would be very
expensive in execution time and doesn’t scale well to memory instead of registers.

Actually, we can solve both problems by having the microarchitecture maintain the register
state itself and fill in operands appropriately, thus never making any rollback records in the
emulator, but this is terribly heavy-duty work for the configurer. Is there a better way?

Perhaps we need finer-grain access to rollback records?

Creating proper instruction ordering

Relaxing of instruction ordering is a key microarchitectural technique. The level of modeling detail you
can achieve will depend upon the interaction between the capabilities of the emulator and the
microarchitecture to be modeled. The key issue is here is the fact that emulators generally maintain only
one "current" copy of architectural state for a given context, but various microarchitectural techniques
can have multiple in-flight values for any given state. This is closely related to the issues described
previously for speculation, but there the question was a question of difference between "current” and
"permanent” state. This section describes how to perform modeling of various types of ordering schemes
with different levels of detail.

Some ordering schemes require use of both the detailed form of execution apkthadvakapability;

others require only the simple form of execution and the base emulation interface. It is always possible to
use the more detailed forms of execution anddperandvalcapability in situations when the simpler

method applies. You might wish to do this to make your model "more realistic", even though the
simulation results are the same, at the cost of more complexity.

Modeling just timing

The timing of many in-order or out-of-order machines can be modeled with just the base emulator
interface and the simple form of execution. The way to accomplish this is to ensure that
LSE_emu_doback is called in program order. This is most easily done at the decode stage. (Note that this
technique has been used in other simulation systems, most notably SimpleScalar.) You probably cannot
do this at the commit stage (the other place where instructions are in program order), because most
microarchitectural models need some instruction results (such as branch resolutions) before commit.

The timing which you create in the microarchitectural model can take into account structural hazards
through proper routing and flow control. Scheduling of writeback and bypass paths can be part of this,
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even though the paths themselves are not carrying "real" data. Instruction dependencies can be used
when theoperandinfocapability is provided by the emulator.

This technique will not produce accurate timing results if instruction results depend upon timing. For
example, the value returned by a load in a multiprocessor can depend upon the timing if some other
processor could write to that location. Execution of the load at decode could give different results than
execution of the load at the proper time. This could then lead to a different execution path for the
program.

Correct execution of a model with this technique should not be taken as strong evidence that the
scheduling algorithms modeled are working correctly, as errors in scheduling of instructions will not
affect the results of the target program. The only errors that can be found are those where the scheduling
logic is never notified of the completion of an instruction (in which case dependent instructions never
issue and eventually the instruction window fills).

Fully-interlocked scheduling schemes

It is possible to perform the backend stages of an instruction in the execution stages of a pipeline using
just the base emulator interface and the simple form of execution if the microarchitecture includes
interlocks to prevent execution of an instruction if it has data dependencies with previously-issued but

not yet committed instructions. These data dependencies are the standard ones: read-after-write,
write-after-read, and write-after-write. Many simple in-order pipelines will satisfy these requirements. A
simple scoreboard arrangement meets these requirements; the improved scoreboard scheme, Tomasulo’s
algorithm, and register renaming schemes do not, as they either read available operands early to relax
WAR hazards or rename operands to relax WAW hazards. A microarchitectural model which does meet
the requirements can calSE_emu_doback at the time that instructions are to execute.

Care must be taken if the microarchitectural model includes bypasses to ensw&hatu_doback is

called for the instruction at the source of a bypass before it is called for the instruction at the destination
of that bypass. Typically this requires explicit modeling of the potential bypass paths (i.e., there are
connections from the writeback stage to the execute units which must not be "unknown" before the
execute units exist, though data need not be carried), or port queries in the input control functions of the
execute units.

The timing which you create in the microarchitectural model can take into account structural hazards
through proper routing and flow control. Scheduling of writeback and bypass paths can be part of this,
even though the paths themselves are not carrying "real” data. Instruction dependencies can be used
when theoperandinfocapability is provided by the emulator.

The example given in the previous section where load results depend upon timing does not cause
difficulties when this technique is used, as the load can be executed at the correct time. However, correct
ordering of memory references may require that the emulator provide information about memory
accesses so that the microarchitectural model knows about address conflicts.

Correct execution of a model using this technique is fairly good evidence that the scheduling algorithm
modeled is working correctly; instructions executed at the wrong time will see incorrect operand values
or write results in an incorrect order.

24



Chapter 1. Using emulators

Relaxing WAR dependencies

Microarchitectures often relax WAR dependencies by reading and storing source operands which are not
in flight in structures such as reservation stations, allowing later instructions which might write to the
source operand to proceed. There are two ways to use an emulator with such a scheme:

1. Explicitly control operand read timing. This requires that the emulator providegghendval
capability; such an emulator must also break up execution into separate operand fetch, evaluate, and
writeback stages. Read the operands at appropriate timesugingmu_fetch_operand
Evaluate and writeback at appropriate times usi®f_emu_doinstrstep . Note that you do not
need to manipulate the operand values; the emulator will have the correct values in the instruction
information structure if the timing has been done correctly.

2. Explicitly control the operand values. This method also requirespieeandvalkcapability and
execution broken into separate operand fetch, evaluate, and writeback steps, but you must
manipulate values directly. Call the operand fetch step first to get non-in-flight source operand
values into the instruction information structure (in-flight operands will also be set, but with stale
values). Then update in-flight source operand values in the instruction information structure as they
become available. Evaluate after operands have become available.

Relaxing WAW dependencies

When the microarchitecture attempts to relax WAW dependencies, the base emulator interface and the
simple form of execution no longer allow correct execution, as earlier instructions could write a value
which a later instruction has already written. The interface providenpeyandvalnd detailed

execution must be used.

TO DO

Explain this better

Relaxing RAW dependencies

RAW dependencies may be violated speculatively.

TO DO

Figure out how this works

Software-scheduled pipelines

When the software is supposed to guarantee proper scheduling, as with many VLIW architectures, the
microarchitectural model need not include interlocks for anything which the software is supposed to take
care of, unless you wish to model the behavior of the machine with respect to mis-scheduled code. Any
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interlocks which are present should be modeled in accordance with the style of interlocking as described
above.

Emulators with internal support for out-of-order execution

Some emulators, most notably those provided as part of Simics, attempt to support out-of-order
execution by renaming registers as part of their decode operation. This behavior does not have a
capability name, as LSE does provide any special support for this behavior.

TO DO

describe how to use them.

Emulators in this class may not work so simply with microarchitectures which perform unusual actions

as part of renaming. Instruction reuse might be one such microarchitectural technique that would present
difficulties. However, it seems likely that these could be overcome by overriding the operands of the
instruction as described the Section calleanipulating operand values

Instruction ordering and memory-carried dependencies

TO DO

Stuff to say here

Notes

1. Patterson, David A. & Hennessy, JohnComputer Organization & Design: The
Hardware/Software Interfage 998, p. 5.
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Basic

The Liberty Structural Specification (LSS) language is a language designed to describe hardware
structure. It allows for concise specification of hardware systems by leveraging imperative programming
constructs for instantiating, customizing, and connecting blocks. This appendix is a reference for LSS'’s
syntax, semantics, and type system.

The programs have no input (other than the program itself), and the output, which is generated through
side-effecting statements, is a netlist of structural components, their customization, and their
interconnectivity. Since the programs have no inputs, programs written in this language are run-once,
interpreted programs. This appendix will serve as a reference to help guide a programmer through the
various syntactic and semantic elements of LSS.

TO DO

external types in LSS_builtins

Syntax

In this section, the basic LSS syntax will be outlined. This will include the basic data types, data literals,
variable declaration, control flow, and function definition and invocation. Side-effecting statements which
create the programs output will be discussed latéihénSection calletachine Construction Constructs

Basic Data Types

The LSS language is a strongly typed programming language. Thus, all values in the language have an
associated data type. This section will describe the basic LSS data types and constants for these data

types.

The following data types will be described in this section:

e int

» float

« boolean

« char

« string

« literal

- type

« enumerations
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« arrays
. structures
. functions

- external types

int

Theint data type is used for integer data. Values of this type are 64 bit signed integers. Thus their
values can range from 821 to 22, Integer value constants can be specified in binary, octal, decimal, and
hexadecimal. Octal, decimal, and hexadecimal constants share the same syntax as C and Java. Decimal
constants are specified using decimal digits (84, octal constants are specified using the digits 0
through 7 and prefixing the constant witld 4e.9.0525), and hexadecimal constants are specified using

the digits 0 through 9 and a (or A) through f (or F) and prefixing With(e.q.0x155 ). Binary constants

are specified using the digits 0 and 1 and prefixing the constanOWife.g.00101010101 ). Negative

numbers are specified by prefixing the constant with a - (&.g:0x5 , -05 , or-0b101 ).

float

Thefloat data type is used for floating point (real) numbers. These values are signed and their specific
precision is undefined. Constant values for floating point numbers can be specified in standard decimal
notation (e.g. 134.703) or using scientific notation (6.g22e23 or 6.022E23 ). The exponent in the
scientific notation can be positive or negative. If no sign is specified it is assumed to be positive. For
example, the following numbers are equivalé; 5e1, andse+1. The following numbers are also
equivalent.001 andile-2 .

boolean

Theboolean data type is used to represent boolean valb@sean s can take on one of two values:
TRUEor FALSE. For compatibility with other languages (such as Java), the litetals andfalse are
also acceptable.

char

Thechar data type is used for ASCII character data. Character literals are specified by placing the
desired character between single quotedf addition, certain escape sequences are also ggal: for
the backslash charactéry  for the newline charactety’  for the tab character, arie  for the
carriage return character. Only printable ASCII characters are permitted. This includes characters in
betweeri * (ASCII 0x20) and~" (ASCII Ox7E) as well as tab (ASCII 0x09), newline (ASCII 0x0A),
and carriage return (ASCII 0x0D).
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string

Thestring data type is used to hold string data. String literals are specified by enclosing sequences of
characters between opeérand close', open™ and close™ , or open<<< and close>>>. For
example;foo" , ""foo"" , and<<<foo >>> all represent the strinfgpo . Within a string literal, you

can use the escape sequencesn , and\t in addition to\ c wherec is any single character. Strings

can span multiple lines with no special punctuation unless they are enclosed with apdrtiose' .

Such strings cannot span multiple lines. Strings enclosed with apenand close>>> may contain
fragments of the forn${ expr } . Such fragments will be replaced with the value of the LSS expression
expr . The uses and exact semantics of such a replacement will be descrthedSaction called

Expression Substitution vig} .

literal

Theliteral data type is similar tetring  data type. It is used for storing strings that, eventually, will
be output without any surrounding quotation marks. The details of whijtdhe type exists will be
explained inthe Section calle®ParametersThere are no constants that have tiifeeal . However,
string  is a subtype ofiteral and thusstring  literals can be used whenever data of tiizeal

is needed.

type

In the LSS language types are also values. This is useful, for example, when defining functions which
want to create ports, parameters, or connections of a user specified type. In such cases, a function could
be defined which accepts the type as an argumenttypke data type is the type of all types including

itself. The literal constants for this type include all the types discussed above(including this one) as well
as any other syntactic construct which creates a type. For example, in addition to being a data type,

is a value whose type igpe .

enumerations

Strictly speaking, in LSS there is no enumeration data type, but rathentihekeyword is a type
constructor. The syntax:

enum { ident v ident g ident N }

will create a new anonymous data type whose constant values are giidenby , ident _, ...,
ident . Unlike enumerations in C, LSS enumerations are strongly typed. Thus, anything which expects
data of a particular enumerated data type nilt accept an integer as a substitute.

arrays

Arrays in LSS are similar to Java arrays. Unlike Java, LSS supports both bounded length and unbounded
length arrays. Array data types let you define bounded or unbounded lists of a common data type. The
syntaxtype [ expr ] creates a bounded array data typéyple items with a length oéxpr . expr is
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any LSS expression whose typdris . Alternatively, the syntaxtype [ creates an unbounded array
data type otype items.

Array literal constants are constructed using the syntax:

{ expr, expr, .. expr }

whereexpr _, expr ,, ...,expr mustall have the same data type. This will create an array ohsafe
type given by the common type ekpr , expr ,...,expr .

In addition to the data values in the list, array values also have a length attribute which identifies the
number of elements in the array. For examplarif is an array with typént[10] , thenarr.length
would have the valugo.

structures

Structures in LSS are similar to C structures. Structure data types let you aggregate multiple pieces of
data into a single data value. Just like enumerationsstthet  keyword is a type constructor. The
syntax:

struct {
!dent , - type ;
ident , : type ;

ident @ type ;
}

will create an anonymous aggregate data type with fields identifiedeny , ident , ..., ident
The fieldsident ,ident ,...,ident have datatypegype ,type ,...,type respectively.

Structure literal constants are constructed using the syntax:
{ ident | = expr , ident | = expr , .., ident = expr }

whereexpr , expr ,...,expr are LSS expressions used to initialize the fiett , ident
...,ident . respectively

2!

For example, the following structure could represent a point on a plane:

struct {
x : float;
y : float;
}

and the following structure literal constant would represent the origin of the plane:

{x =00,y =001}
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functions

Functions are used, as in other programming languages, however, in LSS they are first class values. The
syntax for a function type is as follows:

fun ( type ,, type ,, .., type ) => type

This will define a function type which acceptsarguments with typetype |, type ,...,type .The
return type of the function is given iype _ . More details on defining and using functions iglie
Section called~unctions

external  Types

Some types have no LSS definition but are useful as types on ports and connections. These types, in
particular, often arise in domain classes and implementationsexi&@al  constructor lets you create
types which reference types in the underlying simulation language (currently stylized C). The syntax for
the type constructor is:

external(  expr )

expr must evaluate to string -typed value and its value must be a legitimate type in the underlying
simulation language. No values of this type can be defined in LSS

Comments

LSS borrows the syntax from C++ for its comments. Multiline comments are delimited*widmd*/ .
Nesting comments of that type is not permitted. Single line comments are introduced veitiu
continue until the end of the line.

Just as in C++, comments are treated like whitespace by the LSS interpreter.

Variable Declaration

This section will describe how to declare variables to store values during the execution of an LSS
program. This section will make use the data types and value literals descritiedSection called
Basic Data Typesvariable declaration is the first LSS statement described in this reference. More
information on statements can be foundhe Section calle&tatements

Like C,C++, or Java, the LSS language requires that all variables be declared before they are used.
Within a given scope, two symbols cannot share a name. However, a variable defined in a new scope will
mask all symbols from outer scopes that share its name. All LSS variables have lifetime equal to their
lexical scope. Therefore, once a variable goes out of scope, its value is lost. Furthermore, it is illegal(a
checked error) to read from an uninitialized variable.

The syntax for variable declaration is very simple and is similar to the style used in the PASCAL
programming language. The following syntax:

var ident [ = expr ],
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ident [ = expr ],

ident [ = expr ] : [const] type ;

will declaren variables which are namedent ,ident ,...,ident . Each variable will have data

type given bytype .type can be any LSS data type. The syntax fritva Section calle@asic Data
Typesshould be used to create a variable with one of the basic data types. If the optional expressions are
provided, they will be used to initialize the corresponding newly created variable. Recall that LSS is a
strongly typed language, so the type of the initializing expression must match the type of the declared
variable. Note that variables can be defined anywhere within a block. There is no restriction (as in C) that
variables be declared at the top of a block.

If the optional type modifieconst is given, the value of the variable cannot be changed after it is
declared. Thus, it only makes sense to use the modifier if the initializing expression is also used.

Refer toExample A-1to see several examples of variable declaration.

Example A-1. Several Variable Declarations

var X : int; /I declare an integer called x and
/I leave it uninitialized
var truth = false : boolean; /I declare an boolean called truth and

/I initialize it to false
var origin = {x = 0.0, y = 0.0} :

struct {
x : float;
y : float;
I /I declare a structure and initialize it
var i, j = 0, k =1 :int /I declare several variables at once
var point = struct {
x : float;
y : float;
} : const type; /I declare a variable of type type and initialize

/I to hold a structure type
var coord = {x = 10.5, y = -3.3} : point; // use the newly created type

Expressions and Operators

This section will describe the basic LSS operators and expressions. Data values and variables connected
with operators form expressions which will, in turn, be used as parts of LSS statements to build an LSS
program. These expressions will create, combine, and transform data of the various types discussed in
the Section calle@asic Data Typeand will prove extremely useful in machine construction.

Since LSS is a strongly typed language, all LSS expressions have a type. The types may not necessarily
be known statically, but dynamically, all expressions will be type checked and any type errors will be
reported and will cause the program'’s execution to abort.

The simplest LSS expression is a literal constant as descrilibd Bection calleBasic Data TypesThe
type of the expression is the same as the type of the value. Variable identifiers are also LSS expressions
and once again, the type of the expression is equal to the type of the value held in the variable.
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Any LSS expression can be enclosed in parentheses to form another LSS expression. Thus the syntax:
(expr )

is an LSS expression. The type of this expression is equal to the type of the expegsian
Expressions are evaluated according to operator precedence from left to right. Placing an expression in
parentheses will cause the expression to be evaluated with high precedence.

Unary Operator Expressions

There are three unary operators in LSS. These operators arand! . Any expression with a numeric
type (nt andfloat types) may be negated by placing @& front of it. Thus the syntax:

- expr

is an LSS expression whose value is the additive inversxmf . To complement the unary negation
operator, the- operator may similarly be applied to any numeric LSS expression and its value will be
equal to the original expression’s value.

Forboolean typed expressions, theoperator will calculate the boolean complement. Therefore the
expression,

I expr

would evaluate to the boolean complement of the expre&sipn .

Binary Operators and Expressions

The LSS language supports a number of binary operators in addition the unary operators described in the
previous section. All expressions formed with binary operators have the syntax:
expr , op expr

2

whereop is the binary operator being useéhble A-1summarizes the LSS operators, the valid
expression types, the result type, and the operators semantics.

Table A-1. Binary Operators

Operator expr 1 Type expr 2 Type Binary Operator
Operation Semantics
Expression
Type
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Operator

expr 1 Type

expr 2 Type

Binary
Operation
Expression

Type

Operator
Semantics

float ,int ,
string , literal
function types,
functions

float ,int ,
string , literal
function types,
functions

float ,int ,
string , literal
function types,
functions

This operator will
add its operands.
For numeric types
this is common
arithmetic
addition. For
string and

literal

operands, this
operator performs
string
concatenation. Fo
function types, this
operator will
produce an
overloaded
function type. The
added function
types must have a
common return
type and different
numbers of
arguments. For
functions, this
operator will
produce an
overloaded
function. For this
sum to be legal, th
sum of the functior
types must be
legal.

[¢]

N

float, int

float, int

float, int

This operator will
calculate the
arithmetic
difference of its
operands.

float, int

float, int

float, int

This operator will
calculate the
arithmetic product

of its operands.
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Operator

expr 1 Type

expr 2 Type

Binary
Operation
Expression

Type

Operator
Semantics

float, int

float, int

float, int

This operator will
calculate the
arithmetic quotient
of its operands. If
the operands are
int s, then the
result will also be
anint and it will
have the fractional
part of the quotien
truncated.

%

int

int

int

This operator will
calculate the
remainder when of
the arithmetic
division ofexpr 1
andexpr 2. This is
the modulo
division operator

<<

int

int

int

This operator will
left shift the
bitwise
representation of
the value ofexpr 1
by the number of
bits specified by
expr 2.

>>

int

int

int

This operator will
perform an
arithmetic right
shift of the bitwise
representation of
the value ofexpr 1
by the number of
bits specified by
expr 2.

==and !=

any

any

boolean

These operators
will compare two
values for equality
and inequality
respectively
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Operator expr 1 Type expr 2 Type Binary Operator
Operation Semantics
Expression
Type
<, <=, >, >= int float ,string |int ,float ,string |boolean These operators

compare the two
values provided.
Forstring s the
comparison is a
lexicographic
comparison.

&& boolean boolean boolean This operator
calculates the
logical AND of the
two operands

Il boolean boolean boolean This operator
calculates the
logical OR of the
two operands

type type type This operator
concatenates two
types to produce a
polymorphic
or-type

The Ternary Operator

LSS supports the C-style ternary operator. This operator has the following syntax:

7 .
expr ? expr expr,

cond

In this expressiongxpr must evaluate to boolean . If it evaluates tarue then the whole

cond

expression evaluates to the valuesgfr |, otherwise it evaluates to the valueesr ,.

Assignment Operators

The= operator is used in LSS to assign a value to a variable or other Ivalue. Similar to C, assignment in
LSS is an expression. The expressiapr , = expr , will evaluate to the value aéxpr , and

simultaneously update the valueeor | ititis an Ivalue. Itis a checked error fexpr | to not be an

Ivalue.

In addition to basic assignment, LSS also supports C style combination assignment operaters:
*=, /=, and%= These operators are simply shorthand. The following two expressions are equivalent.

a=-a+b
a+=b
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Similar equivalences hold for the other operators.

Finally, LSS also supports pre- and post- increment and decrement operators. The operatals

can be placed before or after ainy Ivalue. The Ivalue will be incremented or decremented

respectively. If the operator comes before the Ivalue, then the increment(decrement) expression will
evaluate to the incremented(decremented) value. Otherwise, the expression will evaluate to the Ivalue’s
previous value. This is the same behavior as in C.

Example A-2. Pre- and Post- Increment

var x,y,z : int

X = 3;
y = X++;
= 3;

Z = ++X;

Example A-2should clarify any ambiguity. After this example runs, the variabieill have the value 4,
the variabley will have the value 3, and the variakdewill have the value 4.

Indexing Expressions

Several LSS entities represent lists of items. Arrays, which were discustiezl $ection calle@asic
Data Typesare one such example. Index expressions extract one item from such a list. The syntax for
index expressions is as follows:

expr [ expr

list index ]

. The expressioaxpr must evaluate to aint and identifies which element from the list should be

index
extracted. The expressiespr , must evaluate to some data type which is indexable. This expression

identifies which list the item should be extracted from.

If expr . is an Ivalue, then this expression is also a legal lvalue and thus can be used to setitems in a
list in addition to extracting them.

Subfield Expressions

Several LSS entities represent aggregates of items. Structures, which were disctiss&kition
calledBasic Data Typeare one such example. Subfield expressions extract an item from an aggregate.
The syntax for subfield expressions is as follows:

expr _ . fieldname
agg

The expressiorxpr agy TVUSE evaluate to some aggregate data type which has a field named
fieldname

If expr ag0 is an Ivalue, then this expression is also a legal Ivalue and thus can be used to set items in an
aggregate in addition to extracting them.
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Function Invocation Expression

The syntax for function invocation is identical to C and Java. An expression which evaluates to a
function is followed by a parenthesized, comma-separated list of the actual arguments. Each actual
argument is an LSS expression which evaluates to the type of the corresponding formal argument. The
type of the function call expression is the type of the return value of the function. For example, to call a
function namedunc with typefun (int,bool)=>int , the expression would Kenc(3,FALSE)

and that expression would evaluate to a value of type

Data Initialization Check Expression

Itis illegal in LSS to reference a variable or parameter which has not yet been set. However, sometimes it
is convenient (especially with parameters) to be able to check to see if a value has already been set. This
expression allows one to check whether or not an expression contains any references to uninitialized
variables or parameters.

The syntax for the expression is as follows:
initialized( expr )

The semantics of the expression are simelgr is evaluated. If during the evaluation, any uninitialized
entities are found, then this expression evaluat&atsE Otherwise it evaluates TtRUE Note that if
expr contains side-effects, thegayoccur. However, if an uninitialized value is found before reaching
the side-effecting sub-expression, the side-effiegy notoccur also! Thus, it is discouraged from using
any side-effecting expression within this expression.

Example A-3. Use of thenitialized Expression
var X : int;
if(initialized(x)) {

print("Hello World\n");

} else {
print("Goodbye World\n");

}

Example A-3illustrates the use of this expression. This program will print:
Goodbye World

since the variable is not initialized.

Expression Substitution via  ${}

Any legal LSS expression can be embedded indtiag  using a special notation. When embedded
inside of astring , the expression is evaluated and the resulting value is translated into a text which is
appropriate for the underlying simulation language.
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In order to embed an expression inside of a string<tke:>>> quote characters must be used. Within
a string quoted in that fashion, an LSS expression can be enclo$édiimd} . This expression will be
embedded in thetring . For example, the following code:

<<<${3+7} >>>

would evaluate to the string0" . Table A-2describes how values are translated when placed inside of
${ .

Table A-2. System-Defined Instance Parameters

Type Translation
string The string’s value is printed unquoted.
type The type is converted to a type that is suitable for

use in the underlying runtime language. Most
types offer a straightforward conversion. One
exception is arrays. An LSS array gets wrapped
into a C structure with one field namettments .
The fieldelements is an array with appropriate
type and length.

runtime_var ref The value is emitted as a variable accessible in|the
underlying simulation language

others The conversion is straightforward and omitted for
brevity

Statements

An LSS program is sequence of statements. Statements exist to wrap expressions, group statements
together, handle control flow, and include other files. An LSS program is evaluated by processing each
statement in the sequence in order while following directions from certain statements which affect
control flow. The next few paragraphs and sections will describe basic LSS statements and how they are
executed.

The simplest kind of LSS statement is the expression statement. Following any LSS expression with a
forms an LSS statement. This statement causes the expression to be evaluated, including any side-effects,
and then proceeds to the next statement in the sequence.

The next most simple kind of LSS statement is tbhenpound statemend compound statement has the
following syntax:

{

stmt |
stmt |

stmt
n

}

39



Appendix A. LSS Reference

This statement serves to group together the statements inside of it. Execution of this statement simply
amounts to execution of the statements inside of it in sequence order.

Control Flow

This section outlines the features of LSS that allow users to specify control flow. The LSS language has a
syntax very similar to C for control flow and the following few sections will describe what control flow
statements exist and how they work.

The if Statement

Theif -constructin LSS is similar to the one in C with a few exceptions. The syntax fior @tatement
is as follows:

if ( expr ..)
cmpd_stmt

The first thing to notice is that the body of tlie statement is aompound statementhis means that the
body of theif statementnustbe enclosed i } . This is different from howf statements work in C.

To clarify this point, examine the following code listings. The following is illegal in LSS:

if (x == 3)
X++;
else
X=-

The correct LSS syntax is:

if (x ==3) {
X++;

} else {
X

}

While the above syntax prevents programming errors when adding code to an existing LSS specification,
it makes chains of if-else-if blocks nest too deep. To alleviate this, LSS supports the elsif construct which
can be used in place of the else clause. The following two programs are equivalent:

/* Program 1 */
if(x==3) {
X++
} else {
if(x==2) {
X--,
}
}

/* Program 2 */
if(x==3) {
X++
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} elsif(x==2) {
X--;

}

In addition to the require@l } around the body of aifi statements, since LSS is strongly-typed, the
condition expressiorexpr ., provided in thef statement must evaluate to a boolean value.

Loops
LSS currently only supports tHfer loop. The syntax for this loop is very similar to the syntax in C. The
syntaxfor is:

for( expr . expr .. expr )

cmpd_stmt

Just like thef statement, notice that the body ofoa loop is a compound statement. This means,
unlike C, the body of the loop must be enclosed in . Also notice that the initialization clause of the
loop,expr .., is an expression, sodannotinclude a variable declaration as can be done in Java or
C++. Finally, it is mandatory for the type ekpr _ to beboolean . Example A-4shows an example
of afor loop.

Example A-4. A Simplefor loop

var i,sum : int;

sum = 0;

for(i = 0; i < 10; i++) {
sum += i;

}

Aloop can be terminated early using theak statement. The syntax of the statement is simply the
tokenbreak followed by a semicolon. Execution of this statement causes the innermost loop to
terminate immediately.

The return  statement

Thereturn  statement allows the flow of execution to leave the body of a function early and also allows
returning a value from a function. The syntax for teeuirn  statement is identical to C. A return
statement is either the keyworeturn ~ followed by a semicolon or the keyworéturn ~ followed by an
expression followed by a semicolon. In the first form, no value is returned from the function. In the
second form, the given expression will be evaluated and its value will be the function’s return value.
Note, that the type of the expression must match the return type of the function. Further note, that it is
illegal to use the first form of the return statement in any function whose return typeisigiotFinally,

note that the return statement mayly appear in the body of a function. Any other use is illegal.
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Including Other Source Files

In order to allow a machine description to span more than one file, LSS offers two mechanisms to pull in
other source files. The first, theclude  statement amounts to simple textual replacement of the named
file inline where thenclude statement appeared. The following example illustrates the syntax for the
include statement.

include "other.Iss";

Note that onlystring  literals can be used iinclude statements, not expressions which evaluate to
string  s. If the specified file name is absolute, LSS will include it directly, otherwise, LSS will search
the module search path in order to find the file.

Note: The use of include statements is generally discouraged due to the potential namespace
collisions that can occur. This is especially true for any reusable code that is being put into an LSS
file. Use of the package system is recommended.

In addition to thenclude mechanism, LSS supports a package system for grouping together code in a
unigue namespace. The system is described in more dethé iBection calle®PackagesThat section
will describe theémport , using , andsubpackage statements.

Declarations

This section will cover a few statements used to declare LSS types, variables, and functions.

Variables

Variable declaration is discussed earliethie Section calleariable Declaration Look there for
details.

Types

In order to ease the use of complex data types, new data types can be assigned names through the use of
thetypedef declaration. The syntax for the statement is as follows:

typedef ident : type ;

This syntax will associate the identifiglent  with the typetype . In reality, this syntax is shorthand
for:

var ident = type : const type;
For example, the following two pieces of code are equivalent.

/* Program 1 */
typedef point : struct { x :int; y : int; };

/* Program 1 */
var point = struct { x : int; y : int; } : const type;
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Since theypedef statement is shorthand for a variable declaration, all the same scoping rules apply.

Functions

Functions in LSS are similar to functions in C and C++ and methods in Java. Each function is piece of
code which accepts arguments and produces a return value. The type signature of the function
determines the types of the arguments and return values. Once defined, a function can be invoked and the
body of the function will be executed using the arguments passed to the function to produce a return

value and cause any side-effects.

As was mentioned ithe Section calle@asic Data Typedunctions are first class values in LSS. The

data type constructor for functions was discussed in that section, however, no syntax for function literals
was given. In LSS it ismpossibleto create an anonymous function literalX@&xpression). Instead,

named functions can be declared and then they can be assigned to other variables of the appropriate
function type.

The syntax for declaring a function is as follows:

fun ident (ident @ type ,, ident , : type ,, .., ident @ type ) => type =
cmpd_stmt ;
ident ,ident _,...ident are the formal arguments of the function and have types , type ,

...,type _respectively. The return type of the functiortype _ . If the return type of the function is
notvoid then the body of the functiomustcontain areturn  statement which returns a value of the
appropriate type.

If, within the same scope, two functions with the same name, same return type, and different numbers of
arguments are defined, the function will becomewaerloadedunction. The correct function will be
dispatched during invocation based on the number of parameters.

Conditional Assignment

As a parallel to thénitialized expression, there is a statement which acts as shorthand for a common
idiom when dealing with hierarchical modules, parameters, and default values. It is often desirable to not
set a parameter on an sub-instance, if a parameter on your own instance is unset. This behavior could be
achieved with aif statement and thiaitialized expression, however, this statement is shorthand

for that composition. The statement:

expr ?= expr

Ivalue

will cause the Ivalue to whickxpr |~ evaluates to be assigned the value to wieikpr evaluates
only if initialized( expr ) would evaluate tdRUE Note that in processing this statemepr is
only evaluated once.

Built-In Functions

The following list summarizes some built-in LSS functions.
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print(str : string) => void

This function prints the given string to standard out

punt(str : string) => void
This function prints the given string prefixed wilunt:  to standard error. It also aborts the LSS
program, thus terminating simulator construction

warn(str : string) => void

This function prints the given string prefixed witlarning:  to standard error.

to_string(val : any-type ) => string

This function converts any value to #8ing  representation

to_literal(val : any-type ) => literal

This function converts any value to iiteral representation

LSS_ipow(base:int, exponent:int) => int

This function computebase ™" and returns it.

LSS_log2down(val:int) => int

This function computeslog,(val )| and returns it.

LSS_log2up(val:iint) => int

This function compute$log,(val )| and returns it.

Machine Construction Constructs

This section discusses all the primitive operations supported by LSS to create objects for use in simulator
construction. The declarations, expressions, and statements gherSiection calle®asic Syntaxvere

used to control the flow of the LSS program or to store variables during its execution. Conversely, the
declarations, expressions and statements that will be seen in this section wilscheiséfectshat create

or customize objects that are part of the programs netlist output. This distinction is important and should
be remembered when reading this section.

Module Instances

Module instances are the most fundamental components of an LSS program. Creating a module instance
in LSS creates a component in the generated runtime simulator. In the generated simulator, this
component will be responsible for reading input values from its input ports, maintaining internal state,

and producing output values on its output ports. Each module instance is created from a parameterizable
template called anodule More details on modules will be coveredthre Section callediodules

however, this section will cover their instantiation and parameterization.
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Creating Module Instances

New instances are created with th@v instance expression. The syntax for this expression is as
follows:

new instance( instance-name , module-name )

instance-name s an expression that must evaluate to ls@riag ~ which gives a name to this newly
created instancanodule-name is an identifier for a module declared within the current namespace or

a package-scoped identifier for a module declared within a package. The expression returns a value of
typeinstance ref  which is a reference to the newly created instance. Values ofitgfamce ref

are aggregate data structures and subfields of the structure can be accessed using subfield expressions.

Since it is often desirable to create arrays of instances from the same module, there israwother
instance  expression which will do just that. The syntax:

new instance[ expr _ _]( instance-name-base , module-name )

1ze

will return an array ofnstance ref  s. The size of the array is determined by éxpr _  expression.
This expression must evaluate to a value of tigpe. The newly created instances can be accessed from
the returned array of references and will be namnethnce-name-base 0, instance-name-base 1,

...,instance-name-baseN  whereN+1 is the value to which the expressiexpr _ evaluates.
The most common usage pattern for tieev instance expression is:

var instance-name = new instance(" instance-name ", module-name ) : const instance ref;

and thus LSS provides a shorthand syntax for this operation witingtamce declaration statement.
The followinginstance declaration statement is equivalent to the above module instantiation:

instance instance-name : module-name ;

Parameterizing Module Instance

Parameters are used to customize a module instance’s functionality, timing and interface to obtain a
specialized component for the runtime system. Each module from which an instance is instantiated may
define parameters which will affect the behavior of an instance. These parameters are free to change
simulator runtime properties (e.g. size of a cache, etc.) as well as instance interface properties (e.qg.
names of ports, presence of other parameters, etc.).

Using Parameters

To set a parameter on an instance, the subfield expression is used. For exaingple j$faninstance
ref variable referring to an instance of modat®d and modulemod has a parameter nampédrm, then
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this parameter can be referenced vitst.parm . To set the parameter’s value one would use the
following syntax:

inst.parm = expr ;

whereexpr evaluates to a value whose type is compatible with the type of the pargpaeter

Some parameters on a module have default values, while others do not. Those parameters without default
valuesmustbe filled in on any instance instantiated from that module. The other parameters are optional.

Code-Valued Parameters

In addition to the types discussedthre Section calle@asic Data Typegparameters (and variables) may
contain source code which implements particular parts of a components functionality. These code-typed
values will also prove useful when defining data collectors. Several data types are used to hold
code-valued data including tl&ing  type which has already been introduced.

An internal (not user accessible) type exists to represent control points on ports. Parameters of the
controlpoint type can be assignetting  values and the value will be coerced into the
controlpoint type.

A user-visible type constructarserpoint , is used to define algorithmic parameters on modules. The
syntax for using the type constructor is as follows:

userpoint(  expr age > EXPI o)

This syntax will create a newserpoint  type. The expressiorexpr args andexpr = mustevaluate to
astring -typed valuesexpr args declares a formal argument list to the code that will fill in the

parameter which uses this tyxpr _ declares the type of the data returned by the code that will fill in
the parameter. Note that the types and syntax of these strings is that of the backing simulation language
(currently stylized C). Just like thentrolpoint type, a parameter withaserpoint  type can be

assigned atring -typed valueExample A-5illustrates the declaration of a userpoint parameter and
assigning it a value.

Example A-5. Userpoint Declaration and Use

parameter comparison : userpoint( <<<int x, int y >>>) =>  <<<<int >>>;

comparison = <<<
if(x < y) return -1;
else if(x > y) return 1;
else return 0O;

>>>;

Note: For all code-typed parameters, you should refer to the Liberty Simulation Environment API
Reference Manual to see what API calls are available.
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System Defined Instance Parameters

Instances have several parameters that are defined by the system. These areTidikdAn3along
with their type and purpose.

Table A-3. System-Defined Instance Parameters

Name Type Purpose

funcheader string  (code) Include header files and define
common functions for use in
control functions

init userpoint(  <<<void >>> Code run at simulator startup
=> <<<void >>>)

start_of timestep userpoint( <<<LSE_time_numftickede run at the start of every
skipped >>> => simulation timestep. The
<<<void >>>) argumenskipped indicates

how many timesteps have beer
skipped since the last simulated

timestep.
end_of timestep userpoint(  <<<void >>> Code run at the end of every
=> <<<void >>>) simulation timestep.
finish userpoint(  <<<void >>> Code run at simulator finish
=> <<<void >>>)
port-name .control controlpoint Code run whenever a signal on

the port namegbort-name

changes. This code is used to
filter the signal values entering pr
leaving a module instance.

port-name .width int Setting the width field will fix the
port at the given width. It is an
error then if there is a connection
to the port with index larger than
or equal to the width value. If
fewer connections are made, the
unconnected port instances wil
still exist.

Runtime Parameters

While many parameters on modules will be fixed in a specification at design time, it is convenient to
allow some parameters to be set at runtime. If a module exports a parameteinasable |, then the
parameter may be exported such that it can be set at runtime. To do this, one must create a
runtime_parm  value using the following syntax:

new runtlme_parm( expr type ' expr default-value » expr option-name ' expr option-desc )

whereexpr pe evaluates to the type of the parame&spr evaluates to the default value

default-value

47



Appendix A. LSS Reference

of the parameter (used when no runtime value is speciféeqby, option-name evaluates to atring  which
is the option name exported to the simulator command-line processwxpnql)pmn_ ssc Evaluatesto a

string  which is exported to the command-line processor as help for this command-line option.

Module Instance Connections

While module instances are fundamental for creating a simulator specification, they have little value
without the ability to connect module instances together. Module instance connections allow a user to
specify the interconnectivity of the machine being modeled. Connections are discussed in this section,
however, ports are only covered in as much detail as is needed to discuss connections. A more thorough
discussion of ports and operations on ports i Section calledodules

Syntax and Semantics

The data type used to represent port objects iptieref  data type. Ifol andp2 areport ref s, a
connection is made between the two ports using:theperator as follows:

pl -> p2;

If inst is aninstance ref referencing an instance with a perti.p is also goort ref  and thus we
can write:

pl -> inst.p;

Each port in LSE is actually an indexed series of ports called a multiport. Connections can be made
explicitly between multiport instances by using the indexing operator to specify the port index. This is
shown below:

p1[0] -> i.p[2];

A connection is always made between a pair of port instances. In fact, each port instance can only appear
in asingleconnection. This means that all connections are point-to-point, and there is no built-in notion
of fanout.

In certain situations, the specific port instance number is not relevant (e.g. the specific output multiport
instance c on an instance of tteewith one input connection). In such cases, rather than requiring
specification of port instance numbers, LSS will automatically assign port indexes when the connection
operator is used. The syntax for this is actually shown in the earlier examples, the port index is just
omitted. In a given connection statement, one or both port indexes may be omitted and the omitted index
will be automatically assigned by the LSS interpreter to the next available index. Connections will be
assigned to port indexes in the order in which the connections are seen. To avoid confusion, the LSS
interpreter will flag an an error if a particular port is used in connection statements with both explicit
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indexing and implicit automatically generated indexesample A-6shows an illegal mix of explicit and
implicit port indexing.

Example A-6. Incorrect Port Indexing

pi[0] O ->ip

pl O -> p2

O Portplis used with explicit port indeg

O Portplis usedwithoutan explicit port index

The code shown in the example would be rejected by the interpreter sinpé ihieoth explicitly
indexed and implicitly indexedexample A-7shows the corrected code.

Example A-7. Corrected Port Indexing

pl[0] -> i.p
pl[1l] -> p2

Port Types and Connections

Each port on a module instance is typed and a connection can only be made between two ports with
compatible types. For non-polymorphic types, the compatibility relation is equality. That is to say, only
two ports with equal types can be connected. However, in order to allow modules to be more flexible, the
types on a module’s ports can be polymorphic. To handle this polymorphism, the LSS interpreter
includes a type inference engine which will resolve the polymorphism on an instantiated system. To aide
this inference process, connections can and sometimstinclude typing constraints. This section will
discuss the types of polymorphism and how connections can constrain the set of possible instantiations
of the polymorphism.

Polymorphic Types

The LSS system has two fundamental polymorphic type constructs. From these constructs, complex
polymorphic types can be built. A polymorphic type can be used in any type constructor where a type is
expected.

Type Variables

The first such construct is the type variable. The syntax for a type variable is:

" ident
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This syntax is a use of the type variable nameddant and its first use also serves as its definition. A
type variable stands for any LSS type and the value of the type variable is resolved by type inference.

To support array types with polymorphic length (as opposed to unbounded length), LSS also supports
another syntax for array length type variables. The syntax:

#ident

is a type variable that can be used as the size of an array when using the array type constructor. For
example:

int[#len]

defines an array of integers with polymorphic length. The actual length of the array will be resolved
during type inference.

The type a type variable may take is initially unconstrained. As will be described in the next section, port
connections constrain the legal values of type variables. A shorthand notation exists for creating
anonymous type variables (i.e. type variables that will not be explicitly referenced elsewhere). The
symbol*, each time it is used, will create a new anonymous type variable. The symbol was selected
because, in essence, the type is a wild card.

A specification where there are multiple values for a type variable that satisfy all constraints is an
under-constrainedystem. A system for whicho type exists which satisfies all the constraints is an
over-constrainegystem.

The Or-Type

In the Section calle®inary Operators and Expressiotise| operator was introduced to create or-types.
During type inference, any entity which has an or-type will be resolved to one of the types listed in the
disjunction.

Constraining Port Types with Connections

Each time a connection is made between two ports, the two ports are constrained to have the same type.
The user can further constrain what this type may be by placing a constraint expression after the
connection operator. The syntax for this is shown below:

pl ->[ expr constraint ] p2

Legal constraint expressions include any expression which evaluates totgpyperlhe following are
several examples of connections with additional constraints:

1 pl ->int p2
2 pl ->:[int | boolean] p2
3 pl ->’a p2
4 p3 ->’a p4

The first line constrainpl andp2 to have typent . The second line constrains ppit andp2 to have
eitherint orboolean as their types. The last two lines constrpih p2, p3, andp4 to all have the same
type, specifically the value of type variabiée.

50



Appendix A. LSS Reference

Utility Functions

Since it is common to connect port instances in buses of connections, a utility function has been defined
to achieve this. The functiohSS_connect_bus will make N connections on port indexes 0 .N-1

between two ports. The function is overloaded. In its first form it takes three argumenots:ref  for

the source of the connectionpart ref  for the destination of the connection, and finallyian for

the width of the bus. In its second form, it has an additional fourth argument which is a type constraint to
be applied to the connections.

Augmenting Instance State

LSE offers two mechanisms by which to augment the state kept by a module. The first mechanism adds
fields to common runtime structures. The second mechanism allows users to define arbitrary variables for
use in control and user functions.

structadd S

LSS defines a builtin function to augment some simulation time data structures with additional
per-instance fields. Presenth§E_dynid_t andLSE_resolution_t can be augmented. In order to
augment the data structures, one may calsthetadd function. The function’s signature is:

structadd(inst : instance ref, data_struct : string,
field_type : string, field_name : string) => void

The first argument to the function indicates for which instance you wish to augment the data structure.
The second argument issaing ~ which identifies which data structure you wish to augment. The
legitimate values for the second parameter'a8&_dynid_t"  or "LSE_resolution_t" . The third
argument is atring  containing the type of the field you wish to add. This type should be a type in the
underlying simulation language. Finally, the last argumentsigiag  which names the field. For a

given module instance, the field name’s must be unique. The following is an exampiewftadd

call:

structadd(inst, "LSE_dynid_t", "int", "counter");

Runtime Variables

The other mechanism for augmenting instance runtime state is to create a runtime variable. To create a
runtime variable, use the following syntax:

new runtime_var(  expr expr

type )

name’

This expression will return a value of typantime_var ref . You can reference this variable inside of
strings usings{} . This reference will be the runtime variable name. So you can treat this reference just
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as if it were a variable in the underlying simulation language. For example, the following piece of code
would update a round-robin counter at the end of each cycle:

var round_robin_counter : runtime_var ref;
round_robin_counter = new runtime_var("rr_counter”, int);

inst.end_of_timestep = <<<
${round_robin_counter} = (${round_robin_counter} + 1) % 5;
>>>

Note that the name of runtime variables need not be unique, but unique names are encouraged to promote
faster incremental build times.

Modules

Modules are the building blocks for simulator specifications. Modules are instantiated to form the

runtime components of a simulation system. As has been described earlier, instances can be customized
through parameters which must be defined by modules. Further, instances can be interconnected via
ports which must also be defined by the module from which the instance was instantiated. In this section,
the syntax for defining modules will be discussed. Since LSS supports two kinds of mdeates,
modulesandhierarchical modulesthis section will discuss the syntax common for both types of

modules and then the syntax that is specific to each type of module.

Module Declaration Syntax

To declare a module, leaf or hierarchical, one usesribale keyword followed by the name of the
module, followed by a compound statement that will be run when an instance of this module is defined,
and finally a trailing semicolon. This syntax is shown below:

module module_name {

b

Within a module body any statements are permissible, with certain exceptions to be noted below, and
they have the same effect as if invoked at the top-level of the description. There are however, several
types of statements that are for use within module declarations only. These are port declarations and
parameter declarations, and, for leaf modules, query and method declarations, event declarations, and
type exports.

Ports

Ports define the interface of a module. To declare a port in LSS one usepdhe andoutport
keyword for input ports and output ports respectively. The following module declaration declares a
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module with an input port in and output port out. Both ports have dataitype

module foo {
inport in:int;
outport out:int;

2
In general the syntax for declaring a port is

inport  portname : expr
outport  portname : expr

)

type

The syntax will add a port namgmbrtname to the instance being processed as well as create a symbol
of typeport ref  inthe current scope namg@drtname . Recall that the type on a port can be a
polymorphic type.

In addition to being defined statically, ports may also be defined dynamically usingwhéport or
thenew outport expressions. These expressions have the following syntax:

new inport( expr
new outport( expr

., expr

)

type

ame type

,oexpr )

name

The expressions evaluate to values of tgpe ref  and these references may be stored in variables for
further connection and manipulation. The created port will have name and type givendmyride
value to whichexpr _evaluates and thgpe value to whichexpr pe evaluates respectively.

There are several attributes (accessed via the subfield expression) on ports that may be read or written to
control the specific behavior of the system in relation to the module. Most of these fields are only

relevant for leaf modules and are discussed there. However, theidttls, connected , andcontrol

are available on both leaf and hierarchical modules.wiith andconnected fields are both read-only

fields for any port on the current module being evaluated.witith field is anint whose value is one

more than the largest index connected on the port.cbheected field is aboolean that iSTRUEIf

there are any connections to the port. Thetrol field defines some code that is run whenever a signal

on the port changes. S&able A-3for more details on theidth andcontrol  attributes. Note that any
assignment to theontrol  attribute is a default value assignment that can be overridden by the user.

Parameters

Parameters are used in the module declaration and definition to create a highly flexible module.
Functionality, timing and interface can be made flexible by using parameters. Parameters behave very
similarly to variables, and in fact their syntax is quite similar too, however it is important to understand
thesignificantdifferences.

The syntax for declaring a parameter is as follows:

[ parameter-modifier ] parameter  parmname: expr ;

type

Just like instances and ports, there is a dynamic syntax as well. This syntax is:

new [ parameter-modifier | parameter( expr . expr Iype)
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The first syntax creates a parameter napgeinname and a local variable of typgarameter ref
namedparmname. The second syntax is an expression that evaluates tptypmeter ref  and
creates a parameter whose name and type asrthg  value to whichexpr _ evaluates and the
type value to whichexpr pe evaluates respectivelyable A-4describes the legal values for
parameter-modifier and what they mean.

The first difference to note, between parameters and variables, is what assigning to them means and how
they influence the runtime behavior of the specification. Assignment to parameters within the body of a
module is adefaultvalue assignment. Users of the module can override this value by assigning to the
parameter when instantiating the module. Therefore, the assignment is relevant when tloesiset

assign to the parameter. Because of this property, it is desirable to ensure that a consistent view of
parameters is maintained. Therefore, although multiple default assignments to the same parameter are
legal, no assignment may be made to the parameter once the value has been read (i.e. used as an rvalue).
Finally for leaf modules, the value of the parameter will be available in the code which implements the
behavior of the module (unless an appropr@aeameter-modifier is used).

Table A-4. Parameter Modifiers

Modifier Meaning

local User'scannotoverride default values

internal Parameter not exported to the behavioral code
runtimeable This parameter can be set at runtime

Leaf Modules

Leaf modules are modules whose behaviordsdefined in LSS, but rather in a behavior specification
language (currently stylized C). Thus, there description consists of two pieces:

1. The module declaration consisting of the port declarations, parameter declarations, structadds,
gueries, methods, and events. This is specified in LSS.

2. The module definition which is a behavioral description of the module’s timing and functionality.
This is specified in a separate file (.cIm file) in a stylized C language.

Module Attributes

Leaf modules possess certain basic attributes that can be set within the nathgeA-5summarizes
the names, types, and meanings of these attributes.

Table A-5. Leaf Module Attributes

Name Required | Type Purpose
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Name Required | Type Purpose

tar_file yes string This attribute specifies thear file which
contains all thecim code for the module.

phase_start yes boolean Indicates whether or not this module has a
phase_start  function

phase yes boolean Indicates whether or not this module has a
phase function

phase_end yes boolean Indicates whether or not this module has a
phase_end function

reactive yes boolean Indicates whether or not this module has
internal state or if it reacts only to its inputs

port_dataflow no string Thisstring is a Python list of tuples. Each

tuple has the form(source-signal
dest-signal  , condition ). Each one of

the replaceable terms is a Python string. The

first two have the format:

port-name . signal-name  where
signal-name isdata , en, orack. The
port-name can be an actual port name or
the wildcard charactet,. Thecondition  is
a Python boolean expression for when this
data dependence exists. It may use the
variablesisporti  andosporti  which are
the input and output port instance numbers

respectively. By default, the system assumes

dependence amongst all ports and signals,
the tuple(*,*','0") is typically the
first element in the list.

Port Attributes

SO

Ports have various attributes which affect how the module’s behavioral description handles information
arriving on a specified porTable A-6describes the attributes, their type, and meaning.

Table A-6. Port Attributes on Leaf Modules

Name

Required

Type

Purpose
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Name Required | Type Purpose

independent yes boolean If this attribute is true, then changes to the
status of this port will not cause this module
to be activated. The data however will be
buffered until after phase_end so that it may
be used to update state at the end of the cycle.
If this attribute is false, port status changes
will cause module activation. However, data
on this port is not buffered. Therefore it is npt
available for use during phase_end. The
module must manually buffer any data it
wishes to use during phase_end.

handler yes boolean This attribute specifies whether or not a
handler processes port status changes for this
port. If the parameter is false, the modules
phase function is activated on port status

change. However, if the module does not have
a phase function, the module will not be
activated. Also, if the port has been marked
independent, this attribute has no purpose and
is ignored.

Methods and Queries

A method can define methods and queries for other code to invoke. A method is a function which does
not affect scheduling. A query on the other hand is a method which can return an undetermined value but
cause reinvocation later in the schedule.

The syntax for declaring a query is as follows:
query name : ( string ags = string )i

string args isastring literal which defines the argument listring ~_ is a string literal that
defines the return type.

The syntax for declaring a method is as follows:
[locked] method name : ( string wgs = string _ );

string args isastring literal which defines the argument listring ~_ is a string literal that
defines the return type. If the optioratked token is used then the method may only be invoked from
the instance on which it is defined.

Events

A module may emit events which can be processed by data collectors to allow for simulator
instrumentation. Each event comes from a particular instance of the module and can carry with it
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information which describes what occurred. The syntax for defining events is as follows:

event name {
field , - otype ;
field , : type ,;

field : type ;
3

field ,....field _areidentifiers labeling the pieces of data that the event will ¢yge ;, ...,
type ;arestring literals which identify the type of the data in the underlying simulation language.
name s the name of the event.

Events may declared anywhere, but it is common to define them in packages or inside of a module body.
Declaring an event does not state that a module will generate that evergmithe statement is used to
indicate that a module will emit an event. The syntax ofdints statement is as follows:

emits event-name ;
emits event-declaration

The two alternative syntaxes give two ways to declare that a module emits an event. The first references
an already declared event. The second simultaneously declares an event and asserts that this module
emits that event.

Type Exports

If the code that implements a leaf module wishes to use an LSS type, the module declaration can export
the type to the behavioral code. The syntax for exporting the type is:

export expr - as ident ;

This statement will cause thgpe to which the expressioexpr wpe evaluates to be accessible as
ident in the behavioral code.

Hierarchical Modules

Unlike leaf modules, hierarchical modules specify their behavior by instantiating other modules and
interconnecting them. Thus all the syntax discussetiérSection calletlachine Construction
Constructscan be used inside of a hierarchical module to define its behavior.

One important thing to note is that connections made to ports of this module have inverted direction
sense. That is to say, an output port of this module can be connected to an output port of one of the child
instances. The child instance is feeding this module’s output. Similarly, an input port on this module can
be connected to an input port of a child instance. The input port of the module is feeding the child
instance. These direction senses are inverted from the more familiar connections between output ports
and input ports.
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Note: In hierarchical modules, parameters are often propagated down to child instances. It is
desirable to have no default value for a such parameters and simply not override the default value of
a child parameter if the user did not set the value of the hierarchical parameter. To accomplish this a
conditional assignment operator is defined.

parameter propagate_me : int;
instance child : foo;

foo.parm ?= propagate_me;

Notice how no default value was given to the parameter propagate_me and how the ?= was used in
the assignment. This operator assigns only if propagate_me has been assigned a value.

Data Collectors

In order to instrument a simulator for data collection, a specification must capture events using data
collectors. The syntax for defining data collectors is as follows:

collector event-name on expr . {
[decl = decl-string |
[init = init-string 1]
[record =  record-string |
[report = report-string |
I3

event-name is the name of the event that you wish to collect data frexpr | is an expression
which should evaluate tostring . The value of thetring  should be the name of an instance relative
to the current instance (or fully qualified if at the top-level). All of the values insid€}tla@estring

literals of code that will run during the simulation. The meanings of the various sections is defined in

Table A-7.

Table A-7. Collector Sections

Field Meaning

decl Include declarations that are useful for your collector in this section. This
should also include statements to include any necessary header files.

init This section is run once at simulator initialization time. Initialize variables
that need to be initialized here.

record This section gets run each time the event is triggered. Include any code|to

aggregate statistics or print debugging information here.

report This section gets called once at the end of simulation. Include code in this
section to report any statistics aggregated during simulation.

58



Appendix A. LSS Reference

In addition to events defined explicitly by modules. Several implicit system events exist. First, there are
two toplevel events. The declaration for these two events is as follows:

event start_of_timestep {
skipper : "LSE_time_numticks_t";

h

event end_of timestep {

2
These events are generated at the beginning and end of each timestep.

Each port also has an implicit events defined on it. The signature for these events are:

event portname .resolved {

porti : "int";

status : "LSE_signal_t";

prevstatus : "LSE_signal_t";

id : "LSE_dynid_t";

datap : "LSE_port_type( porthame ) *";
I3

event portname .localresolved {

porti : "int";

status : "LSE_signal_t";

prevstatus : "LSE_signal_t";

id : "LSE_dynid_t";

datap : "LSE_port_type( portname ) *";
2

These events get fired whenever signal values change either outside the control function or inside the
control function. The fields of the event are mostly self-explanatami is the port instance which

had the signal changstatus is the status of the port signajsevstatus  is the status of the port

signals the last time the event was firetl.is the dynamic identifier of the message sent on the port and
datap is the data that was sent.

Packages

LSS provides a system by which items may be placed in a separate namespace. These separate
namespaces, called packages, provide a mechanism to bundle related modules, functions, variables, and
types. Users can import a package loading its contents for use, and can also import all the items in the
package into the current namespace.
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Using packages

Usage overview

To load a package, thmport statement is used. The syntax of the import statement is shown below.

import package_name

To use elements inside this package,:theperator is used to qualify an identifier with a namespace.
Thus, to access thename_tablemodule inside a package cdlklib , one would do the following.

import dIxlib;
instance x:dIxlib::rename_table;

To make all the symbols defined in package accessible without qualificatiamsitige statement is
used.

using package_name ;

Theusing statement will additionally import the named package if it has not already been imported.
The same use gEname_tableabove, but wittusing instead of import is shown below.

using dixlib;
instance x:rename_table;

Note that theusing statement does not actually place the names into the current name space, but instead
adds the specified package (or subpackage) to a package search list. Thus, symbols from packages that
were included with thésing statement earlier are chosen in preference to those that were included

later. The package search list itself is scoped like any other variable.

Packages, Subpackages and Naming

Package names consist of a list of identifiers separated by dots. For exeongdle, , LSE_emuy and
corelib.tee are all valid package names.

LSS supports two kinds of packages: package and subpackages. The difference between the two is
subtle, but important. Packages can be directly imported, while subpackages can only be imported as a
side-effect of importing another packagerelib  for example is a package, whiterelib.tee isa
subpackage.

Because of this difference, thiging statement cannot be used with a subpackage unless it has already
been imported. Conversely, theing statement will automatically import a package that has not already
been imported.

Within a package, symbols can be accessed using a relative name (i.e. a symbol hame that is not qualified
with the:: operator) even if nasing statement has been used. In fact, an error will be generated if any
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attempt is made within a package to import the package that is being defined. Such circular references
are illegal.

Symbols from other packages or subpackages can be accessed using qualification. Either the full package
name can be used, or the package name itself can be relative. By default, the package name is assumed to
be fully qualified. If the package does not exist, the current package name is prepended to the given
package name and this fully qualified name is searched for. If it doesn’t exist, then an error is emitted.

Relative symbol references are made by omitting.thend everything before it. Relative names are
relative to the current package and if the symbol is not found, it is then relative to the various packages
on the package search list. The first package where a match is found is used. If no match is found, an
error is emitted.

Building Packages

Packages are defined within a file that begins with the package statement. The syntax is shown below.

package package name;

The toplevel file associated with a package must conform to a particular naming convention. To
understand this convention, the method used to search packages must be understood. This process is
described below. Assume the command in question is:

import foo.bar.baz;

The module path is searched looking for the file which defines the paékager.baz . We search

each directory in the module_path looking foo/bar/baz.lss , thenfoo/bar.baz.Iss , and finally
foo.bar.baz.Iss . The different file names are iterated over on a directory by directory basis.
Therefore iffoo.bar.baz.lss is located in the first directory in the module path, it will be selected in
preference tdoo/bar/baz.Iss off the second directory in the module path. The found file must begin
with a package statement that declares that it is, in fact, the definition of the package. If it is missing the
package declaration an error will be emitted. Note that in the above examples must contain the

line:

package foo.bar.baz;

Subpackages are declared by usingsitgpackage statement. The syntax for the statement is as
follows:

subpackage package-name {
}

The name of the subpackage will be the name of the current package concatenated with a dot
concatenated with the given package name. Note that subpaaagestbe imported directly. They
will automatically imported when their parent package gets imported.
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It is recommended that one create a subpackage for each module in a package that will define globally
visible types that are specific to the module (especkllym types). It is probably a good idea to define
module local events in this subpackage also.

A common paradigm for implementing packages is to have a single file which inchuatemports
other.Iss files which contain the actual definitions of interesting things.

Domains

A domain is an extension library to LSE. Domains are split into domain classes, domain
implementations, and domain instances. In LSS domain classes are typically implemented as an LSS
package. Domain instances are created by calling a function inside the domain class package. An
argument is passed to that function which indicates which domain implementation to use.

Creating a Domain Class

A domain class is a package in LSS. This package includes a function which allows the creation of
domain instances of this class. To create this function, one useswh@omain expression. The syntax
for the expression is:

new domain( expr _ )

whereexpr _evaluates to atring  which identifies this domain class. The type that this expression
evaluates to i€SE_domain_constructor whose type definition is:

typedef LSE_domain_constructor : fun (string, string, string) => domain ref;

This function takes three string arguments. The first argument is the name of the domain instance. The
second is the name of the domain implementation. The third argument is an argument list to pass to the
domain implementation. An example domain class looks like the following:

package LSE_emu;

var class_name = "LSE_emu" : const string;
var create = new domain(class_name) : const LSE_domain_constructor;

Domain Types

A domain type is one whose specific definition is determined by a particular domain instance. A domain
type, represented by the typ8E_domain_type is actually an overloaded function frondamain
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ref to atype and from no arguments totgoe . The actual type is built from thexternal  type

constructor. As a convenience, a function is provided which will help define domain types. This function
is LSE_domain_type_create . This function takes two arguments and return$S&_domain_type

The first argument is a string which is the domain class to which this type belongs. The second is the
name of the underlying external type. Continuing the above example, the following code defines a
domain type from th& SE_emu

var LSE_emu_addr_t =
LSE_domain_type_create(class_name, "LSE_emu_addr_t") :
const LSE_domain_type;

Using Domains

To use a domain class, one must create an instance by calling the appropriate function. In the running
example, this function is theeate function defined with th@ew domain expression. This function
returns adomain ref which is the handle to the domain instance. It is most commonly used with
domain types and inside @f} expressions to call LSE APIs.

As was mentioned previouslySE_domain_type is an overloaded function. The noary (version with no
arguments) of this function obtains the appropriate domain instance from a per-instance context of
defaultdomain instances. If not explicitly set, the first domain instance of a particular class becomes the
default for that class. This default is automatically propagated down the instance hierarchy. It can be
overridden by setting the appropriate field of tt&E_domain parameter on instances. The fields are
named based on the defined domain classes. For example, you could set the default implementation of
theLSE_emuwomain class with the following code:

inst .LSE_domain.LSE_emu = expr ;

provided thaexpr evaluated to a domain instance that was part of 8E_emwomain class.

Similarly, to allow for default instances when calling LSE APIs, there is something known as the domain
search path. A module which uses a particular domain, should add the default instance from the
LSE_domain parameter to the domain search path so that the behavioral code for leaf modules and API
calls inside of code typed parameters can work without explicit reference to a particular domain instance.
The function that allows this is calledid_to_domain_searchpath and it takes one argument. The
argument is alomain ref and this domain instance will be added to the search path.
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