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Very long instruction word (VLIW), and in its generalization,
explicitly parallel instruction computing (EPIC) architectures
explicitly encode multiple independent operations within each
instruction. The processor's instruction-set architecture (ISA)
specifies the interface between hardware and software, while
its instruction format specifies the precise syntax and binary
encodings of all instructions in the ISA. A designer of
instruction formats must make efficient use of the available
hardware resources and make intelligent trade-offs between
decoder complexity and instruction width. Simple encodings
lead to faster and less expensive decode hardware, but increase
instruction width. Wider instruction formats lead to increased
code size and more expensive instruction caches and instruction
data paths. In embedded systems, code size is often a major
component of total system cost, since the program is stored in
ROM. In this report, we present an algorithmic approach to
automatic design of high-quality VLIW/EPIC instruction
formats. Our design process can be used to explore a large
design space to find good designs at varying cost-performance
points. This is also essential for automated design-space
exploration of application-specific VLIW/EPIC processors.
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1 Introduction

Whereas the workstation and personal computer markets are rapidly converging on a small num-
ber of similar architectures, the embedded systems market is enjoying an explosion of architectural
diversity. Thisdiversity isdriven by widely varying demands on performance and power consump-
tion, and is propelled by the possibility of optimizing architectures for particular application do-
mains. Designers of these application specific instruction-set processors (ASIPs) make trade-offs

between cost, performance, and power consumption, using automated tools wherever possible.

Although there has been a fair amount of work done on providing the capability to automatically
design the architecture of a sequential ASIP — primarily a matter of designing the opcode reper-
toire — there has been relatively little work in the area of automatic architecture synthesis of very
long instruction word (VLIW) processors or, for that matter, processors of any kind that provide
significant levels of instruction-level parallelism (ILP). The work which has been done tends to
focus largely upon the synthesis of a VLIW processor's datapath [6, 7, 10]. The automatic de-
sign of a non-trivial instruction format, and the synthesis of the corresponding instruction fetch
and decode microarchitecture have not been addressed for VLIW processors. And yet, it is these
issues that consume the major portion of a human designer's efforts during the architecture and

microarchitecture phases of aVLIW design project.

The goa of our PICO (Program-In-Chip-Out) design project is to fully automate this process,
so that a family of optimized ASIP designs is generated automatically from an application pro-
gram. PICO is a system synthesis and design exploration tool which performs hardware-software
co-synthesis. In addition to a custom VLIW processor, PICO may design one or more non-
programmable, systolic array co-processors (ASICs) and a two-level cache hierarchy to support
these processors. It partitions the given application between hardware (the systolic arrays) and
software, compiles the software to the custom VLIW, and synthesizes the interface between the
processors. We refer to PICO's VLIW design capability as PICO-VLIW.



1.1 Focusof thisreport

The subject of this report is automatic design of high quality instruction formats, which is a nec-
essary capability for an automatic architecture design-space exploration tool such as PICO-VLIW.
Design quality isafunction of both instruction width, which determines code size (and hence mem-
ory cost), and decode compl exity, which affects the processor cost and performance to be evaluated
at each design point within the exploration space. Automatic instruction format design is a useful
capability in other situationsas well. For example, this capability would be a useful tool in manual
processor design, or in re-architecting the next generation of an existing processor architecture, or
for customizing an architecture to a specific application or application domain. In these cases, the

design space constraints can also be extracted from a previously existing instruction format.

The main contribution of this report is to formalize and describe our methodology for automatic
design of instruction formats for architectures based on the VLIW design philosophy, or its gener-
aization, explicitly parallel instruction computing (EPIC). This methodology may also be used to
design single-issue instruction formats. The output of our scheme is a set of instruction templates
with bit specificationsfor its various fields as they may be described in an architecture manual. We
describe how this information is used automatically in a retargetable assembler. The system aso
produces the decode tables necessary to generate instruction decode logic in the given processor.
Finally, we describe how to customize the instruction format for a particular application thereby

reducing its overall code size.

In the rest of this section, we present a brief overview of the PICO-VLIW design system, which
providesthe context within which instruction formats are designed automatically. Then, we present
abrief overview of the instruction format design process which would also serve as an outline of

the rest of thisreport.

1.2 ThePICO-VLIW architecture synthesis system

In PICO-VLIW, we decompose the process of automatically designing an application-specific
VLIW processor into three closely inter-related sub-systems as shown in Figure 1. The first sub-
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Figure 1: The PICO-VLIW design system.

system is our design space explorer, the Spacewalker, whose responsibility is to search for the
Pareto-optimal architectures, i.e., those architectures whose implementations are either cheaper or
faster (or both) than any other architecture. In order to do this efficiently, the Spacewalker uses

sophisticated search strategies and heuristics that are, however, beyond the scope of this report.

The second sub-system is the VLIW architecture synthesis sub-system whose responsibility is
to take the abstract architecture specification generated by the Spacewalker and to create the best
possible concrete architecture, i.e., the instruction format, and microarchitecture, i.e., the datapath
and controlpath, as well as a machine-description database used to retarget the compiler and the
assembler. The system outputs a RTL-level, structura VHDL description of the processor and

estimates the chip area consumed by it.

The third sub-system consists of Elcor, our retargetable compiler for VLIW processors, and a
retargetable assembler. Both are automatically retargeted by supplying the machine-description
database. Elcor's responsibility isto generate the best possible code for the application on the pro-



cessor designed by the VLIW architecture synthesis sub-system, and to evaluate its performance
by counting the number of cycles taken to execute the program. The area and execution time

estimates are then used by the Spacewalker to guide the next step of its search.

The PICO-VLIW system explores a number of design variables within this framework including
the number and kind of functional units in the processor, the number and size of register files,
the number of read/write ports on each file, various interconnect topologies between functional
units and register files, cache and memory hierarchy, high performance architectural mechanisms
such as predication and speculation, the number and structure of the various instruction templates,
and the corresponding instruction fetch and decode hardware. The system makes intelligent cost
and performance tradeoffs involving the above variables, some internally within a single design
process, and some externally by walking the architectural design space defined by these variables.
Additional feedback statistics related to the design, such as register port usage, instruction tem-
plate usage, and functional unit utilization, are also generated that can be used to make automatic
adjustments and improvements in the high-level specification. More details on the PICO-VLIW
system are provided in [18, 2].

1.3 Overview of instruction format design

One of the key steps in the design of a VLIW processor is defining its concrete instruction-set
architecture (ISA) or itsinstruction format. It forms the interface between the hardware and the
software and facilitates efficient utilization of the available hardware resources. The PICO-VLIW
system automatically designs an optimized instruction format for each target processor it generates
while making intelligent trade-offs between the application code size and the hardware control
complexity. The various steps involved in this process are shown pictorially in Figure 2 and are
described below.

Specifying an architecture. The primary input to the instruction format design systemisahigh-

level, abstract specification of the |SA of the target processor called the archspec, which can either
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Figure 2: Instruction format design flow.

be specified manually or automatically by the Spacewalker. This specification drives both the
instruction format design and the microarchitecture synthesis within the PICO framework. The
archspec specifies the opcode repertoire and a set of ILP constraints for the target processor and is
described in more detail in Section 2. A secondary input to the instruction format design process,
specified in our architecture intermediate representation (AIR), is the set of control ports in the

processor datapath that need to be provided with control information from the instruction.

ThelF-tree. Asshownin Figure 2, theinstruction format design flow is centered around the I F-
tree data structure which is a structural representation of a hierarchical grammar for the instruction
format being designed. Various modules of the instruction format design system contribute in

building and decorating the IF-tree. The structure of thistree is described in detail in Section 4.



The IF-tree also contains al the target-specific information needed by a retargetable assembler in
order to assemble a given program to produce object code. Thisinterface is described in detail in
Section 9.

Building instruction templates. The key step in building the IF-tree is to identify one or more
instruction templates possibly of different widths, and then to characterize its various instruction
fields. An instruction template consists of one or more concurrent operation slots each of which
encodes a set of mutually exclusive operations. The process of identifying the templates based on

the specified archspec is described in detail in Section 5 and consists of the following steps.

Reducing the template design space — The space of valid instruction templates for a given proces-
sor is combinatorially huge. Therefore some systematic operation classification and group-
ing scheme is needed to reduce the space while obeying the ILP constraints laid out in the

archspec.

Building concurrency cliques — Next, the instruction templates for the target processor are deter-
mined by finding unique sets of operationsthat may be issued concurrently on that processor
without over subscribing the available hardware resources. Algorithmically, thiscorresponds
to finding cliquesin agraph formed by the concurrency relations among groups of operations

as specified by the archspec.

Building the IF-tree — Each concurrency cligue gives rise to a unique instruction template which
is then represented in the IF-tree. Subtrees specifying the opcode and the operands of the
various concurrent operations within each template are also represented in the IF-tree. The
leaves of the tree, the instruction fields, encode information either directly obtained from the
datapath such asregister source and destination operands, or that derived from theinstruction

register such as opcodes, immediate literals, and operand select bits etc.

Setting up the bit allocation problem. Once the IF-tree is defined, we are ready to setup the
instruction field bit allocation problem. This consists of the following steps that are described in
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detail in Section 6.

Identifying instruction field bit-requirements — Each instruction field specifies how many bits it
needsin order to control the corresponding datapath control port in the context of its position

inthe | F-tree.

Setting up field conflicts — Next, we setup the bit allocation problem for all instruction fields by
giving a data flow formulation for computing conflicts between them. Fields that are re-
quired within the same instruction template must be allocated to disjoint bit positions, and

are therefore said to conflict.

Computing field affinities — Fields that do not conflict may be allocated to the same bit positions.
Our bit alocation strategy permits certain fields to be aligned with each other based on their
affinity, i.e. fields associated with the same datapath resources are aligned to the same bit

positionswithin the instruction register, resulting in reduced control complexity in hardware.

Bit resourceallocation. Giventheinstructionfields, their bit requirements, and their conflict and
affinity specifications, a resource alocation algorithm is used to assign bit positions to all fields.
Our algorithm is a generalization of Chaitin's graph coloring approach for register allocation [4].
Various heuristics are used to reduce the overall size of the instruction and the decode complexity.

This step is described in Section 7.

Format Optimizations Prior to setting up the bit alocation problem, the inputs to the design
step may be modified in order to produce a more efficient instruction format. These modifications
are geared towards optimizing one or more cost metrics such as overall code size, dynamic cache
performance, decode complexity, decode latency etc. In Section 8, we discuss the following two

classes of instruction format optimizations.

Transforming the IF-tree — This class of optimizations modify the hierarchical structure of the IF-
tree to create specialized choices (that would have shorter width) or modify existing choices

so that the overall cost metric isimproved.
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Choosing better encoding — This class of optimizations chooses more efficient encodings (e.g.
variable-width selection codes) of the various existing choices in the | F-tree so as to mini-

mize the cost metrics.

Machine-description driven assembly. An assembler requires the exact instruction format of
the target processor in order to translate assembly-level programsto object code. Thisinformation
is usually built into the assembler and is geared towards a specific target architecture. Alterna
tively, our PICO-VLIW system uses a retargetable assembler driven by a machine-description
database (mdes). The assembler is structured to use an abstract query interface during assembly
that provides the details pertaining to a specific instruction format design. Section 9 discusses the

structure of the interface and the process of assembly using it.

Instruction decodeand report generation.  After bit allocation, the | F-tree data structure carries
the complete instruction format design information which may be used by various other modules
of the PICO-VLIW system. The mQS interface driving the assembly process is one such client.
The relevant information from the IF-tree is exported to the mQS interface using an external file
format. The system also generates decode logic tables which define how to decode an instruction
and provide control signals to the various control portsin the datapath. Finally, a human-readable
instruction-set architecture manual is also generated automatically. These uses are described in
Section 10.

2 Input architecture specification

Architecting a VLIW processor is considerably more complex than a sequential one. In addition
to picking an operation repertoire, one must specify the extent and nature of the processor's ILP
concurrency. A VLIW processor, when designed by a competent architect, exhibits certain features
as listed below which we wish PICO-VLIW to emulate.



e Functional units are heterogeneous; although one might include the ability to issue two adds
every cycle, which requires two integer units, only one unit may be capable of shifting and

the other unit able to do multiplication.

e Register file ports are shared; a multiply-add operation, which requires three register read
ports, may be accommodated by "borrowing” one of the ports of another functional unit

which cannot, now, be used in parallel with the multiply-accumul ate.

e Likewise, instruction bits are shared; a load or store operation, which requires a long dis-
placement field, might use theinstruction bitsthat would otherwise have been used to specify

an operation on some functional unit.

In order for PICO-VLIW to yield competently designed processors, we need the Spacewalker to
be able to specify such architectures to the VLIW synthesis sub-system.

Our choice of the interface between the Spacewaker and the VLIW synthesis sub-system (refer
Figure 1) involves a delicate balance between giving the Spacewalker adequate control over the
architecture, without bogging it down by requiring it to specify a detailed instruction format. Our
compromise is that the Spacewalker specifies the operation repertoire, the requisite level of ILP
concurrency, and the opportunities for sharing register ports and instruction bits. Thereafter, it
relies upon the concrete | SA design module, the datapath design modul e and the control path design

module to avail of these opportunities while supplying the requisite level of concurrency.

The Spacewalker tasksthe VLIW synthesis sub-system viathe Abstract | SA Specification (arch-
spec for short). In this specification, the operation repertoire of the target processor is specified in
an abstract manner together with constraints upon its concurrency. These concurrency constraints
can then be exploited by the VLIW synthesis sub-system to yield less expensive architectures,
with heterogeneous functional units and resource sharing, at the requisite level of concurrency. We

discuss the various components of the archspec below.



2.1 Operation Groups and Exclusions

At an abstract level, an architecture specification need only specify the functionality of the hard-
ware implementation in terms of its operation repertoire and the desired performance level. Then
the exact structure of the implemented processor in terms of its datapath and control structure may
be synthesized from this specification. In PICO, we specify an architecture by simply enumerating

the set of operations that it implements and the level of parallelism that exists amongst them.

For convenience, the various instances of HPL-PD operations for a given processor are grouped
into Oper ation Groups (opgroups for short) each of which is a set of operation instances that are
similar in nature in terms of their latency and access to physical register files and are expected to
execute always on the same functional unit. For this reason all operations within an opgroup are
required to be mutually exclusive with respect to operation issue, e.g. add and subtract operations
issued to the same ALU. Conversely, operations occurring within different opgroups are allowed
to execute in parallel. The parallelism of the processor may be further constrained by placing two
or more opgroups into an Exclusion Group which makes al their operation instances mutually
exclusive and alows them to share resources, e.g. a multiply operation that executes on a separate

multiply unit but shares the result bus with the add operation executing on an ALU.

As an example, a simple 2-issue processor is specified below!. The specification language we
use is the database language HMDES Version 2 [9] that organizes the information into a set of
interrelated tables containing rows of records each of which contain zero or more columns of

named property values.

SECTI ON Operati on_G oup {
OG al u_O(ops(ADD SUB) format (OF_intarith2l));
OG alu_1(ops(ADD SUB) format (OF intarith2l OF intarith2r));
OG nove_O(ops(MOVE) format (OF _intarithl));
OG nove_1(ops(MOVE) format (OF intarithl));

1A complete specification for a 2-integer, 1-float, 1-memory, 1-branch unit VLIW processor customized to the
“ipeg” application is shown in Appendix A.
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OG nmult_O(ops(MPY) format (OF_intarith2l));

OG cnp_O(ops(CWP) format (OF_intarith2lp));

OG shift_O(ops(SHL SHR) format (OF_intarith2l OF_intarith2r));
}
SECTI ON Excl usi on_G oup {

EG O(opgroups(0OG alu 0 OG nove 0 OG mult 0 OG cnp_0));

EG 1(opgroups(OG alu_1 OG nove_1 OG shift_0));

EG 2(opgroups(OG nmult_0 OG shift_0));

This example specifies two alu opgroups, two move operation groups, and one each of multiply,
compare and shift groups. These opgroups are classified into several independent exclusion groups
denoting sharing relationships among the opgroups. Each opgroup also specifies one or more op-
eration formats (defined shortly) shared by all the opcodes within the group. Additional operation
properties such as latency and resource usage may also be specified with the opgroup but are not

shown here since they are not relevant to this discussion.

2.2 Register Filesand Operation Formats

The archspec specifies additional information to describe the physical register files of the proces-
sor and the desired connectivity of the operations to those files. A Register File entry defines a
physical register file of the processor and identifiesits width in bits, the registersit contains, and a
virtual file specifier that specifies the types of data it can hold [12]. It may also specify additional
properties such as whether or not the file supports speculative execution, whether or not the file
supportsrotating registers, and if so, how many rotating registersit contains. Theimmediate literal
field within the instruction format of an operation is also considered to be a (pseudo) register file

consisting of a number of “literal registers’ that have afixed value.

The Operation Format (also known as 10 format or 1O descriptor) entries each specify the

set of choices for source/sink locations for the operations in an opgroup. Each operation format
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consistsof alist of 10-sets (also known as Field Types) that determine the set of physical register
file choices for a particular operand. For predicated operations, a separate predicate input 10-set is
also specified.

SECTI ON Regi ster_File {

gpr(width(32) regs(rO rl1 ... r31) virtual(l));
pr(wi dth(1l) regs(p0O pl ... pl5) virtual (P));
s(wi dth(16) intrange(-32768 32767) virtual (L));

}
SECTI ON Fi el d_Type {
FT_I(regfile(gpr));
FT_P(regfile(pr));
FT_L(regfile(s));
FT_IL(conpatible_wth(FT_I FT_L));
}
SECTI ON Oper ati on_For mat {
OF intarithl(pred(FT_P) src(FT_IL) dest(FT_I));
OF intarith2l (pred(FT_P) src(FT_IL FT_I) dest(FT_1));
OF intarith2r(pred(FT_P) src(FT_I FT_IL) dest(FT_l));
OF intarith2l p(pred(FT_P) src(FT_IL FT_I) dest(FT_P));

The example shows that the above processor has a 32-bit general purpose register file gpr, a 1-bit
predicate register file pr and a 16-bit literal (pseudo) register file s. Each register file can be used
alone or in conjunction with other filesin an 10-set specification as a source or sink of an operand.
|O-setsfor the predicate, source and destination operands are combined to form the valid operation
formats for each opgroup. For example, the 2-input alu opgroup OG_alu_0 has an operation format
OF_intarith2l which specifies that its predicate comes from the register file pr, its left input could

be a literal or come from the register file gpr, and its right input and output come from and go to
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the register file gpr, respectively. For notational convenience, we may write this operation format
as astring such as “pr ? gpr s, gpr : gpr”, where the colon separates the inputs from the outputs

and the comma separates the various | O-sets.

3 Instruction syntax

Before we get into the details of the instruction format design process, it is important to iden-
tify the general structure of the instruction formats that we design and the overall space of design
choices available. This section describes the syntax of the types of instruction formats that we de-
sign automatically. It isimportant to recognize that these instruction formats are designed with the
assumption that the processor isto be programmed in a high-level language, and that the assembly
and machine code are by and large invisible to the programmer. Consequently, the instruction for-
mats are not designed with any consideration given to human readability or convenience. Instead,
the design process emphasi zes two often competing objectives: the minimization of code size and
hardware complexity. We briefly discuss this trade-off below while introducing the terminology

used in the rest of the report.

Explicit instruction-level parallelism is a defining property of VLIW and EPIC; each instruction
is able to specify a set of operations that are to be issued simultaneously. This property is termed
MultiOp [15]. A MultiOp instruction contains multiple oper ation slots, each of which specifies
one of the operations that are to be issued simultaneously. An operation is the smallest unit of
execution in a VLIW or EPIC processor. Each operation is the equivalent of a conventional RISC
or CISC instruction in that it, typically, specifies an opcode, one or two source operands, and a
destination operand, although it may specify additional source or destination operands, depending

on the nature of the opcode.

We define the canonical instruction format to be the MultiOp instruction format that has an oper-
ation slot per functional unit. The operation slots need not be of uniform width; each operation slot
can use exactly as many bits as it needs. This conserves code space. Furthermore, the correspon-

dence between an operation slot and a functional unit can be implicitly encoded by the position of
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the operation slot within the instruction—a further saving in code space over having to specify this

mapping explicitly, somewhere in the instruction.

However, when either the parallelism in the hardware or that found by the compiler is unable to
sustain the level of parallelism permitted by the canonical format, some of these operation slots
will have to specify no-op operations. The exclusion groups specified in the archspec can lead
to situations in which none of the operations in any of the opgroups corresponding to a given
functional unit can be issued because each such opgroup is mutually exclusive with at least one
other opgroup (on another functional unit) from which an operation is being issued. The compiler,
for its part, may just be unable to find in the program the level of ILP needed to issue an operation

in every operation slot. These no-ops lead to a wastage of code space.

Worse yet, the schedul e created by the compiler might be such that there isno operation whatsoever
scheduled to issue on certain cycles. If the processor does not support hardware interlocks on
resultsthat have not yet been computed, this situation requiresthe insertion of one or more MultiOp
instructions containing nothing but no-ops. (The need for these no-op instructions reflects the fact
that a program for such a processor represents a temporal plan of execution, not merely alist of
instructions.) These explicit no-op instructions can be eliminated quite simply by the inclusion of
amulti-noop field in the MultiOp instruction format which specifies how many no-op instructions

are to be issued, implicitly, after the current instruction [3].

The more challenging problem isto get rid of code wastage caused by explicit no-op operationsin
an instruction that is not completely empty. A variety of no-op compression schemes can be de-
vised to addressthis problem [14]. The one that we employ involvesthe use of multipleinstruction
formats or templates, each of which provide operation slotsfor just a subset of the functional units.
The rest of the functional units implicitly receive a no-op, avoiding wastage of code space. The
templates are selected in one of two ways. Firstly, the archspec might have been specified in such
away that it isimpossible to issue an operation on all functional units simultaneoudly. Clearly, it
only makes sense to provide those templates that correspond to those maximally concurrent sets of
functional units upon which it is permissible to issue operations simultaneously. We refer to these

asthe minimal templates. No template, that is a superset of any of them, is of interest.
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However, it could be the case that certain subsets of these maximally concurrent sets have a high
frequency of occurrence in the scheduled code of the program for which we are customizing the
instruction format. The provision of additional templates, that correspond to these statistically
important subsets, further reduces the number of explicit no-ops. We refer to these as custom tem-
plates. By using a variable-width, multi-template instruction format, we are able to accommodate
the widest instructions where necessary, and make use of compact, restricted instruction formats

for much of the code. We discuss our strategy for custom template design in Section 8.

The trade-off involved in the choice of an instruction format is between code compaction and the
complexity of the instruction datapath from the instruction cache, through the instruction register,
and to the functional units, register files, and other portions of the datapath. The canonical format
hasinstructionswhich are al of the same width. If theinstruction packet—the unit of access from
the instruction cache—has the same width as well, then instructions can be fetched from the cache
and directly placed in the instruction register. On the other hand, no-op compression schemes
yield variable-width instructions. The instruction packet size and the instruction register width
must be at least aslarge asthe longest instruction. When the current instruction is shorter than this,
the unused portion of the contents of the instruction register must be shifted over to be correctly
aligned to serve as the start of the next instruction and, if necessary, another word must be fetched

from the instruction cache.

Another factor contributing to the hardware complexity isthe distribution of the variousinstruction
fields from the instruction register to the appropriate control ports in the datapath—opcode ports of
the functional units, address ports of register files and data multiplexersand demultiplexorssituated
between the functional units and the register files. Thisistrivial with the canonical format. Each
functional unit's operation slot islocated in a specific segment of the instruction register and can be
directly connected to it. When ano-op compression schemeis used, the fields of the corresponding
operation slot may be in one of many places in the instruction register. A multiplexing network
must beinserted between the instruction register and the control ports of the datapath. The shifting,
alignment and distribution networks increase the complexity and the cost of the processor. These

issues are discussed in greater detail in [18, 2].
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The cost of the distribution network can be reduced by designing the instruction templates in such
away that the instruction field corresponding to each control port in the datapath occupies, as far
as possible, the same bit positions in every instruction template in which it appears. If one were
completely successful in doing this, the distribution network would again becometrivial. However,
this can lead to a greater wastage of code space. Our instruction format design heuristics attempt
to strike a compromise between these competing goals, reducing the amount of multiplexingin the

distribution network without causing too much wastage of code space.

The complexity of the shifting and alignment network can be partially contained by requiring that
the width of al instruction templates be a multiple of some number of bits, which we refer to
as the quantum. As aresult, al shift amounts can only be a multiple of this quantum, thereby
reducing the degree of multiplexing in the shifting and alignment network. The adverse effect
of quantization is that the template width must be rounded up to an integral number of quanta,
potentially leading to some wastage of code space.

3.1 Hierarchical multi-templateinstruction formats

In the canonical instruction format, all instruction fields are encoded in digoint positions within
asingle, wide instruction. A hierarchical, multi-template instruction format allows mutually ex-
clusive instruction fields (those that are not used simultaneously in the same instruction template)
to be encoded in overlapping bit positions, thereby reducing the overall instruction width. In dis-
cussing the syntax of such instruction formats, it is useful to think in terms of two levels of syntax.
The first grammar, that of the instruction templates, has operation slots as its terminal symbols.
Two designs of interest that we discuss here are multi-level templates and two-level templates.
The second grammar, that of the operation slot, has instruction fields as its terminal symbols and
is described in Section 3.2.

Multi-level templates. We describethe abstract syntax of the multi-level template meta-grammar

using an extended BNF in which X represents one or more instances of X. The syntax is as fol-
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(a) A multi-level template format

0 A B D E
1] 0 A (0] D H
1] 0 A 1 E 0 H
110 1 E 1 G H
1|1 B C 0 D H
1|1 B C 1 E 0 H
1|1 B C 1 E 1 G H

(b) The seven distinct templates for the multi-level template format

Figure 3: Instruction template formats. The shaded fields are the select fields. (The width of an
operation slot, as shown in the figure, is not intended to bear any relationship to the number of bits
that it requiresin the instruction format.)

lows:
template = OR-set
OR-set = dternative™
aternative = operation-slot | AND-list
AND-list = OR-sett

An OR-set represents a choi ce between the members of aset of aternatives. An aternativeiseither
an operation slot or an AND-list. An AND-list consists of one or more OR-sets, and represents
a choice between one of the tuples obtained by taking the Cartesian product of the alternativesin
each of the OR-sets. A sentence in this meta-grammar is a tuple of operation slots, each of which
can issue an operation concurrently. This set of tuples constitutes the grammar of one specific

instruction template that supports a set of instructions.
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The set of instructions supported by an instruction template grammar is determined by the choice
of operations that can be issued from its various operation slots. An operation slot can specify one
operation out of a set of mutually exclusive operations. Consequently, the natural set of operations
to associate with an operation slot is an opgroup. This is because the operations that are grouped
together in an opgroup are expected to be executable on the same functional unit and may share
access to source and destination operands. Note that the width of the operation slot has to be that

of the widest operation in the opgroup.

As an example, consider a processor with eight opgroups: A, B, C, D, E, F, G and H. A possible
multi-level template syntax for it is shown pictorialy in Figure 3a. Associated with each OR-set is
a select field which specifies which of the choicesis selected. The highest level OR-set consists of
two alternatives. Select field SO specifies the selection. One alternative is an AND-list consisting
of the opgroups A, B, D and E. The other aternative is an AND-list consisting of three OR-sets.
The alternatives of the first OR-set are the opgroup A and the AND-list consisting of B and C.
The corresponding selector field is S1. The aternatives of the second OR-set, with selector S2,
are the opgroup D and an AND-list consisting of E and an OR-set with two aternatives, F and G,
and a selector S3. The third OR-set consists of just the single opgroup H. There are seven distinct

templates corresponding to this multi-level format, which are shown in Figure 3b.

Two-level templates. The other end of the spectrum of possibilitiesisto use atwo-level template

format. The abstract syntax for the two-level template meta-grammar is.

template = OR-set
OR-set ::= AND-list™
AND-list ::= operation-slot*

The two-level format provides a choice between one or more AND-lists, where each AND-list
consists of one or more operation slots. Each AND-list represents a template. Using the same
example, there are as before the same seven templates shown in Figure 3b, but there is only a

single select field (labeled T in Figure 4) that specifies one of the seven templates.
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000 A B D E
001 A D H
010 A E F H
011 A E G H
100 B C D H
101 B C E F H
110 B C E G H

Figure 4: A two-level instruction template format. The shaded fields are the select fields. (The
width of an operation slot, as shown in the figure, is not intended to bear any relationship to the
number of bitsthat it requiresin the instruction format.)

The multi-level syntax typically yields a more succinct specification of the template due to the
Cartesian factoring provided by an AND-list of OR-sets. This leads to some significant benefits
during the instruction format design process in terms of the sizes of data structures and the execu-
tion time of certain design algorithms. Another significant advantageisthat it also leadsto simpler
decode hardware; in our example, whereas the two-level syntax requires one relatively large (3-
input, 7-output) decoder, the multi-level syntax requires four relatively small (1-input, 2-output)
decoders. In general, the number and the size of decoders needed in a multi-level scheme de-
pends only on the number of OR-sets present and their immediate children, whereasin atwo-level
scheme it depends on the total number of distinct templates possible which could be very large

even for architectures with a modest number of opgroups.

However, there are some important disadvantages of the multi-level syntax as well. With the
multi-level syntax, determining the template corresponding to the current instruction is inherently
a sequential process. For instance, one cannot know whether select field S3 even exists until SO

and S2 have been inspected and have both been found to have thevalue 1. Similarly, the position of
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select fields S2 and S3 (and hence the starting positions of opgroups D, E, F, G and H) can not be
ascertained until the field S1 has been decoded because the size of opgroup A may not match the
sum of the sizes of opgroups B and C. The consequence of this sequentiality is an increase in the
timethat it takesto determine the complete syntax of the current instruction, including the positions
of various operations slotswithin it and its overall width. The latter is used by the instruction fetch

control logic to identify the start of the next instruction.

The decoding can be parallelized, but at some cost in the compl exity of the decoder; al bit positions
that could possibly correspond to one of the select fields, in any one of the templates, must be
supplied as inputs to the decoder. The situation can be improved somewhat by requiring that each
select field, when present, is in the same bit position regardless of the values of the other select
fields. (These fields could, if so desired, be assigned bit positions that are all contiguous, in effect
yielding a single, variable-width template select field.) However, this only partially addresses the
problem of decoding speed.

If fast, parallel decode is the priority, the two-level syntax is preferable. Decoder complexity for
the resulting large number of templates may be reduced by minimizing the number of bits that
serve as input to the decoder. Thisis achieved by having a single, fixed-width template select field
which, for our example, requires that the decoder have only three input bits (from the template
select field T) whereas the parallel implementation of the multi-level scheme requires four input
bits (from select fields SO, S1, S2 and S3).

3.2 Our multi-templateinstruction for mat

The class of multi-template instruction formats we have chosen to design takes a middle ground
between the above two schema. Although we basically use a two-level instruction format, we do
make a small compromisein the direction of a multi-level syntax by treating each operation slot as
an OR-set of opgroups instead of a singleton. This reduces the number of templates dramatically
and, therefore, the width of the template select field and the template decoder's complexity. Nev-

ertheless, the position and width of the various operation slots within each template is completely
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operation format select —T

Figure 5: Our generic instruction format syntax.

determined by the value of the template select field and not by the choice of opgroups within each

operation slot, thereby allowing us to determine the width of the current instruction faster.

The set of opgroups assigned to an operation slot is called a super group, which istaken to be a
set of mutually exclusive opgroups all of which have identical mutual exclusion (or concurrency)
relationships with every opgroup that is not part of the super group. This constraint ensures that
such grouping does not affect the IL P of thetarget processor in any way as specified in the archspec.
Each operation slot within an instruction now specifies one of the operationsthat are part of a super

group. Sets of super groupsthat can beissued in parallel are combined into an instruction template.

The use of super groups can lead to avery great reduction in the number of templates. A template
consisting of N super groupsisthe equivalent of a set of templates, each consisting of N opgroups,
obtained by taking the Cartesian product of the N super groups. The reduction in the number of
templates|eadsto the benefits that we are seeking: reduced template select width, reduced template
decoder complexity and faster determination of the width of the instruction. But thisis gained at
a price; each operation dlot in a template must be as wide as the widest opgroup in that super

group. If the opgroups have highly disparate widths, it will result in alarger code size than would
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have been necessary. In Section 8, we outline a process of selectively splitting super groups into
smaller super groups in order to achieve better compromises between code size and the number of

templates.

We can now discuss the concrete syntax of our instruction format. Consider first the syntax of
an instruction template as shown in Figure 5. The first bit of every instruction is a consume-to-
end-of-packet (EOP) field that indicates whether the next instruction directly follows the current
instruction or startsat the next instruction packet boundary. Thiscapability isused by the assembler
to prevent instructions that are branch targets from straddling an instruction packet boundary and
isdiscussed in Section 9.

Thisisfollowed by the template select field that identifies one specific instruction template. This
select field is in the same, fixed position within every instruction. An instruction format having
t templates will need [log,(t)] bits to encode the template select. From its value the instruc-
tion decoder understands the instruction's syntax and, therefore, how to interpret it, whereas the
instruction sequencer determines the overall instruction width and, thus, the address of the next

instruction.

Next come one or more operation slots. The template select identifies the number of operation
dots, their width, and their bit positions. A template may contain some number of unused bits that
arise due to quantizing the number of bits in the template. If so, these bits are opportunistically
used to provide a multi-noop field that is used to specify the number of no-op cycles that are to

follow the current instruction.

Next, consider the syntax of an operation slot. Each operation slot can specify one operation out
of a super group. To fully specify an operation, the operation slot must unambiguously specify
the syntax of the operation. To do so, the operation slot must specify both an opgroup within the
super group and an operation format for that opgroup. The opgroup select field chooses amongst
the various opgroups within the super group. Effectively, the opgroup select field also specifies
the functional unit upon which the opcode is to be executed since, in general, different opgroups

within the same super group may be assigned to different functional units but, by definition, all
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operations within one opgroup execute on the same functiona unit.

Within an opgroup, the operations are partitioned based on their operation format. Accordingly,
an operation sot has an operation format select field to choose amongst the various operation
formats supported by the opgroup. As shown in Section 2, the operation format of an operation
identifies the various choices of source and destination 10-sets for each operand. The need for
multiple operation formats is illustrated there by the opgroup OG_alu_1. One operation format
allows a literal field on the left port, while the other allows it on the right port. Presumably, a
single, combined format allowing a litera field on either port was not specified in the archspec
because it would then also permit the possibility of both ports being literals, which would widen

the instruction template beyond what is acceptable.

In effect, this operation slot syntax factors a flat opcode name space into a multi-tier, variable-
width encoding by selecting an opgroup within the slot's super group, an operation format within
that opgroup, and finally an opcode with that format. In rare cases, this factorization may increase
the encoding length by one bit per level. Note, however, that our approach does not preclude a flat
encoding space; placing each operation in its own opgroup eliminates the factorization but requires
a decoder, with a larger number of inputs, to jointly determine the functional unit, the operation

format and the actual opcode.

Once the opgroup and the operation format have been determined, the number, width and position
of each of its sub-fields is known. The syntax for an operation, as specified by the operation
format, is similar to that of atraditional RISC or CISC instruction, consisting of an opcode field
and a sequence of source and destination operand specifiers. In particular, the operation format
may specify a predicate source operand if the processor supports predicated execution [15]. An
operand specifier may, in general, be one out of a set of instruction fields that identify the exact
kind and location of the operand. Operand specifiers with multiple choices have an | O-set select

field to identify which instruction field is intended.

Instruction fields form the terminal symbols of our instruction format syntax. An instruction

field is a set of bit positions intended to be interpreted as an atomic unit within some instruction
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context. Familiar examples are opcode fields, source and destination register specifier fields, and
literal fields. Bits from each of these fields flow from the instruction register to control points
in the datapath, often via decode logic. For example, opcode field bits flow to functional unit
opcode ports, and source register field bits flow to register file read address ports. Another type
of instruction field is the select field. Select fields encode a choice between digoint aternatives
and communicate this context to the decoder. For example, a select bit may indicate whether an
operand field is to be interpreted as a register specifier or as a short literal value. In hardware
terms, this select bit determines whether a multiplexer at the input of some functional unit selects

aregister file read port or some hardwired constant.

A systematic evaluation of the effectiveness of the various mechanisms presented above, such as
the use of the EOP bit, the multi-noop field, and the variable-width and customized templates,
appears in the paper [17]. In thisreport, we will restrict ourselves to the description of the process
of automatically generating instruction formats of the form shown above and the algorithms used

at various steps of that process.

3.3 Physical instruction format

The instruction format, as described thus far, could well convey the impression that the fields of
an operation slot occupy contiguous bit positions within the instruction. We term this view of the
instruction the logical instruction format. The actual or physical instruction format allows the
fields within each template to be positioned in some permuted and discontiguous, but fixed, way
that is specified by the template select. Furthermore, an individual field is also permitted to consist
of a discontiguous set of bit positions. This aspect of the physical instruction format represents
what is, perhaps, one of the more unconventional features of our instruction format, and reflects
the fact that it is designed with hardware optimality in mind, and not the convenience of a human

machine code programmer.

This new degree of freedom obtained in the physical format may be exploited to reduce the cost
and the complexity of the hardware. The permutation applied to the fields of each template is
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selected in such away as to minimize the complexity of the distribution network, i.e., to minimize
the number of distinct positions, across all of the templates, in which the information required by
a given datapath control port isto be found. This and other allocation heuristics are described in
Section 7.2.

The correspondence between the logical and physical formats is established during the instruction
format design process by specifying a mapping from the logical fields in each template to the bit
positions occupied by that field in the physical format. An assembler and disassembler can make
use of this map and the inverse map, respectively, to present the programmer with a view that

corresponds to the logical instruction format.

Thus, the instruction format design process consists of two broad tasks. The first one is to define
the one or more instruction templates of the processor, consistent with the constraints imposed
by the archspec, and to identify the various logical instruction fields within each template. The
second task is to assign bit positions to the logical fields in such a way that two fields, that can
be present in the same instruction, occupy disjoint bit positions. Both tasks need to be performed
in a manner that strikes a judicious compromise between minimizing code size and minimizing

hardware complexity.

4 Theinstruction format tree

In order to facilitate the design of multi-template, hierarchical instruction formats as described in
the last section, we first define an intermediate data structure, theinstruction format tree (I F-tree
for short), which represents the hierarchical relationship between variousinstruction fields. It can

be viewed as a structural representation of the BNF grammar of a machine instruction as follows:

e An AND-list in the grammar is represented by an AND-node in the IF-tree, which is a

conjunction (AND) of the subtrees at the next lower level.

e An OR-set in the grammar isrepresented by an ANDOR-nodein the | F-tree, which isessen-

tially adigunction (OR) of the subtrees at the next lower level with one important addition—
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thereisan explicit select field placed in conjunction (AND) with all the subtrees that is used

to select one of them. Thisiswhy thisnodeis called an ANDOR-node.

e Theleaves of the IF-tree are instruction fields; each leaf pointsto a control point in the data

path.

Figure 6 illustrates the structure of an example | F-tree. The various levels of the tree are described

bel ow.

4.1 Structureof theinstruction format tree

Instruction. The root of the tree is the overall machine instruction. This is an ANDOR-node
consisting of a choice of instruction templates. A template select field is used to identify the

particular template. Aninstruction format having ¢ templateswill need [log,(t)| bitsto encode the

template select.
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Templates. Each template is an AND-node that encodes sets of operations that issue concur-
rently. Since the number of combinations of operations that may issue concurrently is astronom-
ical, it is necessary to impose some structure on the encoding within each template. Hence, each
templateis partitioned into one or more operation issue slots, each of which can specify one of a set

of operations. Every combination of operations assigned to these slots may be issued concurrently.

Super Groups. The next level of the tree defines each of the concurrent issue slots. Each slot
is an ANDOR-node supporting a super group which is a set of opgroups that are all mutually
exclusive and have the same concurrency pattern. A select field chooses amongst the various

opgroups within a super group.

Operation Groups. Below each super group lie operation groups as defined in the input archspec
in Section 2. Each opgroup isan ANDOR-node that has a select field to choose amongst the various
operation formats supported by the opgroup as shown in Figure 6.

Operation Formats. Each operation format is an AND-node consisting of the opcode field, the
predicate field (if any), and a sequence of source and destination 10-sets. The traditional three-
address operation encoding is defined at thislevel.

|O-sets. Each 10-set is an ANDOR-node consisting of either a singleton or a set of instruction
fields that identify the register file(s) that can hold a particular operand. [10-sets with multiple
choices have a select field to identify which instruction field is intended.

Instruction Fields. The leaves of the IF-tree consist of various instruction fields. Each instruc-
tion field corresponds to a datapath control port (refer Figure 7) such as register file read/write
address ports, predicate and opcode ports of functional units, and selector ports of multiplexors.

The various types of instruction fields are described bel ow.
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Figure 7: Various types of instruction fields controlling the datapath. Select fields (S), register
addressfields (A), literal fields (L), opcode fields (op), and miscellaneous control fields (C).

Select fields (S) — As mentioned earlier, at each level of the | F-tree that is an ANDOR-node, there
is a select field that chooses among the various aternatives. The number of alternativesis
given by the number of children, n, of the ANDOR-node in the | F-tree excluding the select
field. Assuming a simple binary encoding, the bit requirement of the select field is then

[log,(n)]| bits. We also consider variable-width encodingsin Section 8.2.

Different select fields in the IF-tree are used to control different aspects of the datapath as
shown in Figure 7. The root of the IF-tree has a template select field that is routed directly
to the instruction unit control logic in order to determine the template width. Therefore, this
field must be allocated at a fixed position within the instruction. The select fields at super
group and opgroup levels determine how to interpret the remaining bits of the template and
therefore are routed to the instruction decode logic for the datapath. The select fields at the
level of 10-setsis used to control the multiplexors and tristate drivers at the input and output

ports of the individual functional unitsto which that opgroup is mapped. These fields select
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among the various register and literal file alternativesfor each source or destination operand.

Register addressfields (A) — The read/write ports of variousregister filesin the datapath need to be
provided address bits to select the register to be read or written. The number of bits needed
for these fields depends on the number of registersin the corresponding register file.

Literal fields (L) — Some operation formats specify an immediate literal operand that is encoded
within the instruction. The width of these literals in specified externally in the archspec.
Dense ranges of integer literals may be represented directly within the literal field, for ex-
ample, an integer range of -512 to 511 requires a 10-bit literal field in 2's complement rep-
resentation. On the other hand, a few individual program constants, such as 3.14159, may
be encoded in a ROM or a PLA table whose address encoding is then provided in the literal
field. If there are n such constants, the size of theliteral field isthen [log, n]. In either case,

the exact set of literals and their encodings must be specified in the archspec.

Opcode fields (op) — The opcode field bits are used to provide the opcodes encodings to the func-
tional unit that has been assigned to execute them. If all the operations supported by a
functional unit are represented within an opgroup that is assigned to execute on that func-
tional unit, then it is possible to use the internal hardware encoding of opcodes within the
functional unit directly as the encoding of the opcode field. In this case, the width of the
opcode field is the same as the width of the opcode port of the functional unit and the bits

are steered directly towardsit.

It is often the case, however, that the functional unit assigned to a given opgroup may have
many more opcodes than those present within the assigned opgroup. In this case, opcode
field bits may be saved by encoding just the assigned opcodes in a smaller set of bits de-
termined by the number of opcodes in that opgroup and then decoding these bits before
supplying to the functional unit. In this case, the template specifier bits must also be used to

provide the context for the opcode decoding logic.

Miscellaneous control fields (C) — Some additional control fields are present at the instruction

level that help in proper sequencing of instructions. These consists of the consume to end-
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of-packet bit and the field that encodes the number of no-op cycles following the current

instruction as shown in Figure 5.

5 Building minimal instruction templates

The design of instruction templates lies at the heart of the instruction format design process. As
defined in Section 3.2, an instruction template in our scheme corresponds to an AND-list of super
groups. Assuch, it defines a set, each of whose membersis a set of operations that may be issued
concurrently. In this section, we shall discuss the design of the minimal templates as specified by
the archspec. In Section 8, we shall discuss the design of custom templates that take into account

statistics pertaining to a given application.

5.1 Minimal template design flow

The pseudo-code representing the minimal template design flow appears in Figure 8. We discuss

the various steps involved with the help of an example.

The archspec, described in Section 2, constrains which opgroups are mutually exclusive and, as
a complementary relation, which opgroups may be executed in parallel. Consider the example
in Figure 9. Starting from the archspec shown in Figure 9a as a mutual exclusion graph, which
specifiesthe opgroups and the mutual exclusions between them, we can build the boolean exclusion
matrix shownin Figure 9b. Thismatrix isjust another representation of thegraphin Figure9abutis
more convenient to work with. The complement of this matrix isthe maximal concurrency matrix
of Figure 9c. In both matrices, the diagonal entries are irrelevant. The corresponding concurrency
graph (Figure 9e) is the complement of the mutual exclusion graph, i.e., every pair of nodes that
are connected by an edge in one graph, have no connecting edge in the other graph, and vice versa.

It isthis graph that isthe starting point for template design (Line 4 in Figure 8).

An exclusion constraint between two opgroups must be satisfied by all templates, i.e. operations

within these two opgroups must never occur together in any template. On the other hand, a con-
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procedure BuildMinimal Templ ates(Graph archspec)
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currency relation (i.e., the absence of an exclusion constraint) between two opgroups implies that
the processor must be capable of issuing these operations simultaneously, within the same instruc-
tion, and therefore there should be some template in which these two operations can be specified
together. More generally, for every set of opgroups that are pairwise concurrent, we need to have
atemplate that permits the joint specification of that set of opgroups. That template may contain
additional slots that can be filled with no-ops. Therefore, we do not have to generate a separate
template for each possible set of concurrent opgroups; we only need a set of templates that together
cover al possible sets of concurrent opgroups. In order to minimize the number of such templates,

we need to find the largest possible sets of concurrent opgroups, i.e., the cliques’ in the concur-

/I archspec specifies opgroup exclusion graph, we first build the concurrency graph
BitMatrix exclusonMatrix = archspec.extractMatrix() ;
BitMatrix concurMatrix = exclusionMatrix.complement() ;
Graph concurGraph = Graph(concurMatrix) ;
/I reduce the concurrency graph with C-sets and E-sets
IntSetList CESets = FindCESets(concurMatrix) ;
for (each CEset in CEsets) do
concurGraph.collapseNodes(CEset) ;
endfor
/I find cliques in the reduced graph and expand into templates
NodeSetList cliques = FindCliques(¢, concurGraph.allNodes() ) ;
for (each cliquein cliques) do
Template newTemplate = new Template() ;
for (each CEnodein clique) do
if (CEnodeisan E-set) then
new Templ ate.addSl ot(CEnode.subNodes() U NO-OP) ;
else// (CEnodeis a C-set)
for (each node in CEnode.subnodes()) do
newTemplate.addSlot(node U NO-OP) ;
endfor
endif
endfor
Record newTemplate ;
endfor

Figure 8: Pseudo-Code for building the minimal instruction templates.

2A clique of nodes within agraph is asubgraph in which every nodeis aneighbor of every other node and no other
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Figure 9: Using equivalent opgroups to reduce template design compl exity.

rency graph. The set of templates, corresponding to the set of al cliques, constitute the minimal

templates.

It is possible to use the opgroup concurrency matrix to find all the cliques. However, the number
of cliques could be very large and this step may take a lot of time. Therefore, we first reduce
the size of the concurrency graph by classifying the opgroups into sets of equivalent opgroups as
shown in Figure 9d (Line 6). Two opgroups are said to be equivalent if they have the same set of
concurrency neighbors. Two equivalent opgroups that are mutually exclusive are part of the same
maximal exclusion-equivalent set (E-set for short). Such opgroups can replace each other in
any template without violating any exclusion or concurrency constraint. Similarly, two equivalent
opgroups, that are concurrent, are part of the same maximal concurrency-equivalent set (C-set
for short). Such opgroups can aways be placed together in the same template without violating

any exclusion or concurrency constraints.

node from the graph may be added without violating this property.
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The classification of opgroups into C-sets and E-sets induces a reduced concurrency graph as
shown in Figure 9f (Line 8). We compute the cliques of this reduced graph (Line 11). For VLIW
processors with multiple, identical functional units this graph reduction yields tremendous savings
by reducing the complexity of the problem to just afew independent E-sets and asingle clique. For
a processor with shared resources and dissimilar functional units, the resulting number of cliques
may be larger. Even so, the graph reduction reduces the complexity of the problem significantly.

The cliques thus found can then be used to construct the instruction templ ates.

If we wanted templates to correspond to maximal sets of concurrent opgroups, each clique in the
original concurrency graph would become avalid template. The classification of the opgroupsinto
C-sets and E-setsisjust an optimization to find all the templates quickly. In this case, the cliques
found in the reduced concurrency graph would be expanded into a set of templates. This set is
obtained by taking the Cartesian product of the E-sets in the clique; each template would contain
one combination of opgroups out of the E-sets in the clique. There would be one operation slot
per opgroup. In addition, the opgroups within each C-set would be expanded and would be present
in every template in the set. There would be separate operation slots in the template for these

opgroups.

However, as we noted in Section 3.2, we want templates to correspond to maximal sets of concur-
rent super groups, not opgroups. The larger these super groups are, the smaller will be the number
of minimal templates. From this point of view, we would like each super group to be a maximal
set of mutually exclusive opgroups which have identical concurrency relations with all opgroups
that are not in that set. Of course, this is precisely the definition of an E-set, and so we define
our super groups to be the E-sets that we initially constructed purely for reasons of computational
complexity (Line 16). (In Section 8, we shall introduce other criteria for super group formation

besides minimizing the number of templates. These will lead to a different set of super groups.)

If super groups are synonymous with E-sets, each clique in the reduced graph directly yields an
instruction template. Each E-set in the clique corresponds to an operation slot, and all of the
opgroups in the corresponding super group share that operation slot. A default no-op opgroup is
also added to each operation slot. As before, each C-set in the clique is expanded and each of the
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opgroups (together with the no-op opgroup) gets a separate operation slot in the template (Line 19).

For our example, we obtain a single template as shown in Figure 9g.

5.2 Building C-setsand E-sets

The concurrency- and exclusion-equival ence rel ations defined above share the following important

property that lends itself to an efficient computation of these sets.

Lemma 1 (Digointness) Given aconcurrency graph, a node may either be concurrency-equivalent
to another node or be exclusion-equivalent to another node, or be neither. In particular, a node

can never be part of both a C-set and an E-set.

The proof of the above lemmais by contradiction. Let us suppose that a node A is concurrency-
equivalent to anode B and exclusion-equivalent to a node C. Thefirst relation directly implies that
the edge (A,B) is present in the concurrency graph, while the second relation directly implies that
the edge (A,C) is absent from the concurrency graph. The first relation also implies that the edge
(B,C) is absent since A and B have similar neighbor relations. This implies that the edge (A,B)

should be absent since A and C also have similar neighbor relations — a contradiction.

A direct consequence of this lemma is that the C-sets and E-sets are always mutually digoint,
which leads to asimple algorithm to construct C-sets and E-sets as shown in Figure 10. We go over
each node in the graph once classifying it either into a C-set, an E-set or neither. The concurrency
or exclusion equivalence check for each node can be performed quickly by employing the pigeon-
hole principle. We simply hash each opgroup, using its set of neighborsin the concurrency matrix
asthe key. The neighbor relations are kept as a bit vector for speed. We hash in two ways, once by
treating each opgroup as concurrent with itself to check whether it is equivalent to some C-set, and
the second time by treating each opgroup as exclusive with itself to check whether it is equivalent
to some E-set. By definition, opgroups hashing to the same bucket have the same concurrency
neighbors and therefore become part of the same equivalent set. Thefinal list of all distinct C-sets
or E-setsis defined by all the distinct keys present in the hash map.
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procedure FindCESets(BitMatrix concur)

1. //*concur” isa(numNodesx numNodes) boolean matrix

2. HashMap<BitVector, IntSet> CEmap;

3:  for (i = 0tonumNodes-1) do

4: /I Extract each node's vector of neighbors w/ and w/o self
5: BitVector cKey = concur.row(i).set_bit(i) ;

6: BitVector eKey = concur.row(i).reset_bit(i) ;

7 /I Check for existing C-set matching this node's key

8: if (cKey isalready present in CEmap) then

o: Add nodei to the C-set CEmap.value(cKey) ;

10: /I Check for existing E-set matching this node's key

11: elseif (eKey isalready present in CEmap) then

12: Add nodei to the E-set CEmap.value(eKey) ;

13: /I'1f neither neighbor relation is present, start a singleton C-set and E-set
14: else

15: CEmap(cKey) = CEmap(eKey) ={i } ;

16: endif

17: endfor

18: return list of C-sets and E-setsin CEmap with more than 1 member ;

Figure 10: Pseudo-Code for finding C-sets and E-sets.

An interesting observation about our algorithm is that when a node is initially added to the hash
map, we need to start both a potential C-set and a potential E-set for it (Line 15). Thisis because,
asasingleton, thisnodeisnot yet committed to participate in either one of them. Indeed, if no node
in the graph is ever equivalenced with this node, it will remain as a singleton. However, if another
node hashes to the same C-set key, a non-trivial C-set is defined between the two. Similarly, if
another node hashes to the same E-set key, a non-trivial E-set is defined between the two. By the
above lemma, only one of these sets may ever grow in membership, if at al. Therefore, we throw

away all singleton sets and return only those with more than 1 member.

5.3 Building concurrency cliques

Finding all cliques of agraph isawell-known NP-complete problem [8]. Therefore, we use heuris-

tics to enumerate them. Figure 11 shows our algorithm for finding all cliquesin a graph.

The algorithm recursively finds al cliques of the graph starting from an initially empty current
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procedure FindCliques(NodeSet currentClique, NodeSet candidateNodes)

1. /I Check if any candidate remains

2: if (candidateNodes is empty) then

3: Il Check if the current clique is maximal

4: if (currentCliqueismaximal) then

5: Record(currentClique) ;

6: endif

7. ese

8: tryNodes = candidateNodes ;

o while (tryNodes is not empty) do

10: H1: if ((currentClique U candidateNodes) C some previous clique) break ;
11: H2: node = Pop(tryNodes) ;

12: candidateNodes = candidateNodes - {node} ;

13 if (currentClique U {node} is not complete) continue ;

14: H3: prunedNodes = candidateNodes N Nhbrs(node) ;

15: FindCliques(currentClique U {node}, prunedNodes) ;

16: H4: if (candidateNodes C Nhbrs(node)) break ;

17: H5: if (thisisfirst iteration) tryNodes = tryNodes - Nhbrs(node) ;
18: endwhile

19: endif

Figure 11: Pseudo-Code for finding cliquesin agraph.

clique by adding one node at a time to it. The nodes are drawn from a pool of candidate nodes
whichinitially containsall nodes of the graph. The terminating condition of the recursion (Line 2)
checks to see if the candidate set is empty. If so, the current clique is recorded if it is maximal
(Line 4), i.e. there is no other node in the graph that can be added to the current clique while still

remaining complete.

If the candidate set is not empty, then we need to grow the current clique. Each incoming candidate
nodeisapotential starting point for growing the current clique (Line 8). Thisisthe place wherewe
are doing an exponential search. Various heuristics are found in the literature to grow the maximal
cliques quickly and to avoid examining sub-maximal and previously examined cliques repeatedly
[11]. The heuristics used by our algorithm are described below.

The first heuristic we use (H1) is to check whether the current clique and the candidate set is a
subset of some previously generated clique. If so, the current procedure call can not produce any

new cliques and is pruned. Otherwise, a candidate is selected for growing the current clique. The
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second heuristic (H2) isthat a candidate, once selected, isnever considered again as a starting point
for growing aclique. It is popped from the list of nodes to be tried as the starting node (Line 11).
However, this node may still participate in a clique in subsequent iterations through a neighbor

relation.

After selecting a candidate, we check to seeif the selected candidate forms a complete graph with
the current clique (Line 13). If so, we add it to the current clique and call the procedure recursively
with the remaining candidates. The third heuristic used here (H3) isto restrict the set of remaining
candidates in the recursive call to just the neighbors of the current node since any other node will

always fail the completeness test within the recursive call.

After the recursive call returns, we apply two more heuristics that attempt to avoid re-examining
the cliques that were just found. If the remaining candidates are all found to be neighbors of
the current node (H4), then we can prune the remaining iterations within the current call since a
maximal extension of the current cligue involving any of those neighbors must include the current
node and all such cliques were already considered in the recursive call. On the other hand, if
non- neighboring candidates are also present, we drop the neighbors of the current node from
being considered as start points for growing the current clique (H5). This is because a maximal
extension of the current cliqueinvolving one of the neighboring nodes and not involving the current
node must involve one of the non-neighboring nodes and therefore can be detected by starting from
the non-neighboring nodes directly. This pruning of the trial nodes may be performed only during
the first iteration of the while loop, otherwise we may missthe cliques formed among the node that

are to be dropped in each iteration.

5.4 Building theinstruction format tree

Once the ingtruction templates are determined, all the information needed to build the IF-tree
data structure is available. The top three levels consisting of the instruction, the templates, and
the super groups are built to reflect the structure of the instruction template as determined above.

The lower levels of the IF-tree consisting of the opgroups, the operation formats, and the 10-sets
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are determined from the input archspec as described already in archspec. Finally, the various
instruction fields at the leaves of the tree are constructed by looking both at the contents of the
various | O-setsin the input archspec and the individual control portsin the datapath that each field

IS supposed to control.

6 Setting up theresourceallocation problem

6.1 Computinginstruction field bit-requirements

Asdiscussed in Section 4, each instruction field in the | F-tree reserves a certain number of instruc-
tion bits to control the corresponding datapath control port. The number of bits needed to encode

the desired control information may, in general, depend on the following factors:
¢ the bit-width of the datapath control port, i.e., the width of the decoded value,

¢ the encoding strategy for the various choices controlled by this field, e.g., fixed-width vs.

variable-width, and,

e thevalues of selector fields at higher-levels of the | F-tree lying on a path from the root of the
| F-tree to the specific instruction field.

Theregister addressand literal instruction fields usually have afixed bit-width requirement as spec-
ified in the archspec and implemented in the datapath. It is possible, however, to define subsets of
registers and literalsthat are accessible only in certain templates thereby reducing the bit-width re-
quirements of their instruction fields and resulting in ashorter overall template. Such optimizations

are discussed in Section 8.1.2.

The template, opgroup, and operation format select fields do not directly control a datapath control
port. Instead, they simply provide control information to choose among the various templates,
opgroups within each super group, and operation formats within each opgroup, respectively. It is

possible to use a variable-width encoding for these fields in order to reduce the size of frequently

38



occurring combination of operations. The opcode field may also be encoded with variable-width
encoding, even though it controls a fixed-width opcode control port. In this case, the opcode may
need to be decoded before being dispatched to the functional unit's opcode control port. This
adds to the decode logic while reducing the size of the instruction format. Such optimizations and
tradeoffs are discussed in Section 8.2.

The 10-set selection fields control the select inputs of the multiplexors and demultiplexors at the
inputs and outputs of functional units, respectively. The choice of a template, opgroup or an
operation format may restrict the choices that need to be encoded at this level. For example, a
4-input multiplexor at a functional unit input selects 1 out of 4 possible operand sources. But its
allowable choices under a certain template may be restricted to be only 1 out of 2, in which case,
the |O-set selection field for thisinput under this template needs to be only 1-bit wide. The width
of the decoded value, however, remains at 2 bits since it drives the 2-bit multiplexor select port.
The template select bits, together with the | O-set select bit, are used to generate the 2 bits required

to control the corresponding select port.

6.2 Computing field conflicts

Before we can start allocating bit positions to various instruction fields we need to identify which
fields are mutually exclusive and can be allocated overlapping bit positions and which fields need
to be specified concurrently in an instruction and hence cannot overlap. Fields that are needed
concurrently in an instruction are said to conflict with each other. Before we do bit allocation, we
must compute the pairwise conflict relation between instruction fields, which we represent as an

undirected conflict graph.

In the IF-tree, two leaf nodes (instruction fields) conflict if and only if their least-common ancestor
is an AND-node. We compute pairwise conflict relation using a bottom-up data flow analysis of
the IF-tree as shown in Figure 12. Our algorithm maintains a field set, F', and a conflict relation,
C. Set F,, isthe set of instruction fields in the subtree rooted at node n. Relation C,, isthe conflict
relation for the subtree rooted at node n. For the purpose of this analysis, an ANDOR-node in the
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procedure ComputeConflicts(IFNode root, FieldSet F, ConflictRelation C)

1
2
3
4:
5:
6:
7
8
9

10:
11:
12:
13:
14:
15:
16:
17
18:
109:
20:
21:
22.
23.
24.
25:
26:
27
28:.
29:
30:
31:

/I dispatch on the basis of the node type
case (root.nodeType()) of

leaf-node: I base case
int n = root.nodeNumber() ;
F={n};
C=9¢,;
OR-node: /I accumul ate sub-tree specific fields and conflicts

for (child € root.children()) do

FieldSetF. = ¢ ;
ConflictRelation C. = ¢ ;
ComputeConflicts(child, F., C,) ;
F=FUF.;

C=CucC,;

endfor

AND-node: /I generate cross conflicts among sub-tree fields
for (child € root.children()) do

FieldSetF. = ¢ ;
ConflictRelation C, = ¢ ;
ComputeConflicts(child, F., C.) ;

for (j € F) do /I cross conflicts between all previousfields
for (ke F.) do // and fields in the current sub-tree
C=CuU {j,k);
endfor
endfor
F=FUF.; Il accumulate sub-tree fields
C=CuUC_C,; /I accumul ate sub-tree specific conflicts
endfor
endcase

Figure 12: Pseudo-Code for computing field conflicts.
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|F-tree is expanded into an AND-node consisting of the select field and a true OR-node consisting

of the various subtrees in order to reflect its true meaning as discussed in Section 4.

The algorithm processes nodes in bottom-up order asfollows. At aleaf node (Line 4), the field set
isinitialized to contain the leaf node, and the conflict relation is empty. At an OR-node (Line 9),
the field set is the union of field sets for the node's children. Since an OR-node creates no new
conflicts between children fields, the conflict set isthe union of conflict setsfor the node's children.
Finally, at an AND-node (Line 18), the field set is the union of field sets for the node's children.
An AND-node creates a new conflict between any pair of fields for which this node is the least-
common ancestor; i.e. there is a new conflict between any two fields that come from distinct

subtrees of the AND-node.

This agorithm can be implemented very efficiently by noting that the field sets are guaranteed to
be digjoint coming from different sub-trees of the | F-tree. We can represent setsas linked lists, and
perform each union in constant time by simply linking the children's lists (each union is charged to
the child). Forming the cross-product conflicts between fields of distinct children of an AND-node
can be done in time proportional to the number of conflicts. Since each conflict is considered only
once, the total cost is equal to the total number of conflicts, which is at most n?. For an |F-tree

with n nodes and F field conflicts, the overall complexity isO(n + E) time.

6.3 Assigning field affinities

The bit allocation algorithm described in the next section is also capable of aigning a set of non-
conflicting instruction fields at the same bit position. This processis called affinity allocation. In
order to make use of affinity allocation, we group instruction fields that point to the same datapath
control port into a set called asuperfield. All instruction fields within a superfield are guaranteed
not to conflict with each other since they use the same hardware resource and therefore must be
mutually exclusive. The bit alocation algorithm then tries to align instruction fields within the
same superfield to the same bit position. Such alignment may simplify the multiplexing and de-

coding logic required to control the corresponding datapath control ports since the sameinstruction
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bits are used under different templates. On the other hand, such alignment may waste some bitsin

the template thereby increasing its width.

The superfield partitioning only identifies instruction fields that may share instruction bits. How-
ever, sometimesit isdesirable that certain instruction fields must share the same bits. For example,
if the address bits of a register read port are aligned to the same bit positions under al templates,
then these address bits may be steered directly from the instruction register to the register file
without requiring any control logic to select the right set of bits. At high clock rates, it is a bad
idea to put a multiplexor in the critical path of reading operands out of aregister file. To handle
such a constraint, we also specify a subset of fields within a superfield that must share bits. This
specification isin the form of alevel mask that identifies the levels of the IF-tree below which all
instruction fields that are in the same superfield must share bit positions. This mask is a parameter

to the bit allocation algorithm described in the next section.

7 Resourceallocation

Once the IF-tree and instruction field conflict graph are built, we are ready to alocate bit positions
in the instruction format to instruction fields. In this problem, instruction fields are thought of as
resource requesters. Bit positions in the instruction format are resources, which may be reused
by mutually exclusive instruction fields. The resource allocation problem is to assign resources to
requesters using a minimum number of resources, while guaranteeing that conflicting requesters

are assigned different resources.

7.1 Resource allocation algorithm

Our alocation agorithm, shown in Figure 13, is a variant of Chaitin's graph coloring register
allocation algorithm [4]. Chaitin made the following observation. Suppose G is a conflict graph
to be colored using £ colors. Let n be any node in G having fewer than £ neighbors, and let G’

be the graph formed from G' by removing node n. Now suppose there is avalid k-coloring of G'.
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procedur e ResourceAlloc(IntVector Request, Graph conflicts)

/I compute resource request for each node + neighbors
for each node n in conflict graph do

mark[n] = false;
AllocRedq[n] = emptySet ;
TotalRequest[n] = Request[n] + Request[neighbors of n] ;

endfor

/I sort nodes by increasing remaining total resource request,
/I compute upper-bound on resources needed by allocation
resNeeded = 0 ; pList = emptyList;

while unmarked nodes exist in conflict graph do

find unmarked node m such that Total Requestm] is minimum ;
mark[m] = true;
pList.push(m) ;
resNeeded = max(resNeeded, TotalRequestm]) ;
for each neighbor nhbr of m do
Total Request[nhbr] -= Request[m] ;
endfor

endfor

/I Adjust priority order of nodes as needed
AdjustPriority(pList) ;

/I allocate nodesin priority order (e.g. decreasing total request)
while pList not empty do

n = pList.pop() ;

TotalRes={ 0 .. resNeeded-1 } ;

Il available bits are those not already allocated to any neighbor
AvailReg[n] = TotalRes - AllocRes[neighbors of n] ;

/1 select requested number of bits from available positions
/I according of one of severa heuristics
AllocReq[n] = select Request[n] bits from AvailReg[n] ;
H1: affinity allocation
H2: leftmost allocation
H3: contiguous allocation

endwhile

Figure 13: Pseudo-Code for resource allocation.
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We can extend this coloring to form avalid k-coloring of G by simply assigning to »n one of the &
colors not used by any neighbor of »; an unused color is guaranteed to exist since n has fewer than
k neighbors. Stated another way, a node and its w neighbors can be colored with w + 1 or fewer

colors.

Our formulation differs from Chaitin's in two important ways: first, we are trying to minimize the
number of required colors, rather than trying to find a coloring within a hard limit; and second,
our graph nodes have varying integer resource requirements. \We generalize the reduction rule to
non-unit resource requests by smply summing the resource requests of a node and its neighbors
(Line5).

The first loop shown in Figure 13 initializes the graph data structures and computes the total re-
source reguest for each node and its neighbors. Next, the algorithm repeatedly reduces the graph
by selecting and eliminating the node with the current lowest total resource request. Thisis done
in the second loop in Figure 13. At each reduction step, we keep track of the worst-case resource
limit needed to guarantee a coloring. If the minimum total resources required exceeds the current
value of k, we increase k so that the reduction process can continue (Line 14). The selected node

is eliminated by subtracting its contribution from its neighbors total resource request (Line 16).

In the original Chaitin's formulation, nodes are pushed onto a stack as they are removed from the
graph in the order of increasing total request. In the alocation step, nodes are popped from the
stack in thereverse order, i.e., inthe order of decreasing total request in order to minimizethe total
number of resources allocated. In the context of bit allocation, this minimizes the width of the
widest template. In our formulation, we permit slight adjustments to this priority order to satisfy
additional requirements (Line 20). For example, we may give higher priority to nodes belonging

to shorter templates to minimize their width as well.

The final step is to actually allocate the resources to the nodes in the desired priority order (third
loop of Figure 13). At each iteration, anode is popped from the priority list and added to the graph
of allocated nodes so that it conflicts with its neighbors that have already been allocated. The bits

available for alocation to the current node are computed to be digoint from bits assigned to the

44



current node's neighbors (Line 26). Finally, the bits assigned to the current node are selected from

those available using one or more heuristics described bel ow.

7.2 Allocation heuristics

Affinity allocation (H1). Asshown earlier in Section 6.3, non-conflicting instruction fields that
control the same datapath control port may be grouped together to have affinity, implying that
there is an advantage to assigning them the same bit positions. For example, consider two non-
conflicting fields that drive the same register file read address port. By assigning the same set of bit
positionsto the two fields, we avoid multiplexing at the read address port, reducing the interconnect

hardware as well as improving the critical path timing.

Each instruction field has a set of affinity siblings within the same superfield. During allocation,
we attempt to allocate the same bit positionsto all affinity siblings. We also take into account the
subset of siblings that are required to share the same bits. This heuristic works as follows. When
a node is first alocated, its allocation is aso tentatively assigned to the node's affinity siblings
within the same superfield. When atentatively allocated node is processed, we make the tentative
allocation permanent provided it does not conflict with the node's neighbors' allocations. Conflict

may also occur if the tentatively allocated sibling needs more bits than the originally allocated
node from the same superfield. If the tentative allocation fails, we allocate available bits to the
current node using other heuristics, and we then attempt to re-allocate all previously allocated
affinity siblings to make use of the current node's allocated bits. As yet unallocated siblings are
also given this allocation, tentatively. Because nodes are processed in decreasing order of bits

needed, tentative allocations often succeed.

When the tentative allocation fails for afield that is not necessarily required to share its bits with
a previously allocated sibling, the algorithm may choose to retain the previous allocation for the
sibling rather than reallocating it. This is a tradeoff between increasing the size of the template
containing the sibling vs. reducing the overall hardware complexity. A useful criterion in making

this decision is to differentiate among fields on the basis of their type (refer Section 4). One
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may choose to honor affinity constraints just for the instruction fields that control register file read
address ports. Thisis because affinity allocation for these fields eliminates multiplexors from the
operand fetch critical path without causing any reallocation because these fields have the same
width. Another aspect that dramatically affects the result of affinity alocation is the priority order
in which the instruction fields belonging to different sized templates are tried for alocation. One
would want the fields belonging to shorter templates to be allocated before the fields for longer
templates, otherwise affinity allocation among these fields may unnecessarily pull the fieldsin the
shorter templates towards the right with wasted bitsin the middle. Thisisan area of active research

and more work is needed to use affinity allocation effectively.

Leftmost allocation (H2). The number of required bit positions computed during graph re-
duction is the number needed to guarantee an allocation. In practice, the final alocation often
uses fewer bits. By allocating requested bits using the left-most available positions, we can often
achieve a shorter, overall instruction format. Subject to the constraints of the heuristic above, this
heuristic picks the lowest numbered bit positions that are available for a given request at Line 30.
This causes the fields to be packed towards the left leaving out unused bits to the right.

Contiguousallocation (H3). Since bit positions requested by an instruction field generally flow
to a common control point in the data path, we can simplify the interconnect layout by allocating
requested bits to contiguous bit positions. However, this may increase the overall width of the
template because a field that does not fit the leftmost contiguous set of available bits may have
to be moved to a new position rather than split and overlap it partially with a shorter, mutually
exclusive field that has been allocated already. Therefore, currently we use this heuristic only

when a contiguous field may be found without increasing the overall width of the template.
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8 Code size optimizations

Our instruction format design process, as described thus far, is focused primarily on designing
an instruction format which reduces hardware complexity while complying with the concurrency
requirements of the archspec. With a goal of minimizing the template select width and, hence,
the decode complexity, the design process has been skewed towards minimizing the number of
templates. In particular, we grouped the members of E-setstogether into super groups, and picked
the minimal set of templates that would provide the concurrency specified by the archspec. As
we shall see below, thisis at the expense of code size. In this section, we outline a number of
instruction format optimizations which are, instead, aimed at reducing the code size. Since thisis
a topic of ongoing research?®, in this report, we shall only present the problem formulations, the
solution approaches and certain bounds, leaving detailed discussions of the algorithms and proofs

for a subsequent technical report.

As outlined in Section 3, there are three primary causes of wasted code size. These arise when

there are frequent occurrences of :
o the explicit specification of no-op operationsin one or more operation slots of an instruction,

e NO-Op instructions, i.e., an extreme case of the previous situation in which every operation

slot of the instruction specifies a no-op operation, and

e the specification of operations that require considerably fewer bits than the width of the

corresponding operation slot.

No-op instructions are dealt with quite successfully by the use of the previously described multi-
noop capability. We explain the other two problems below, and describe their solutions in greater

detail in Section 8.1.

Our initial design produces the set of minimal templates. In practice, this tends to produce a few

long templates since the machines we are interested in have quite a bit of expressible instruction-

3At the time of writing this report, only one of these optimizations, custom templates, has been implemented in
PICO.
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level parallelism (ILP). But not all that parallelismisused at all times by the scheduler. This may
be due either to the lack of ILP in the application or to the compiler's inability to exploit the ILP
that is present. In either case, if we assemble programs using only the minimal templates, alot of
operation slotswill end up specifying no-opsin the low ILP parts of the code, often |eading to very

large amounts of wasted code space.

Furthermore, the class of instruction formatsthat we entertain have the property that each operation
slot in atemplate can, in general, specify one of many opgroups out of asuper group. The operation
slot is constrained to be as wide as the widest opgroup in the super group. Consequently, if thereis
alarge difference between the widths of the narrowest and the widest opgroups in a super group, a
large number of bits are wasted in every instruction which specifies an operation from the narrow

opgroup. This creates a problem if the narrow opgroup contains frequently occurring operations.

This problem repeats itself at alower level in the IF-tree. Each opgroup's width is determined by
the widest operation format that it possesses, which in turn is determined by the widest operand
specifier in each 10-set. In general, thisis a potentia problem at every OR-set level in the IF-tree

except at the root level. Here, it is not an issue since variable-width templates are acceptable.

There are some secondary opportunities for saving code space that arise whenever the number
of bits allocated for specifying an OR-set or an AND-list exceed the information content of that
OR-set or AND-list. We discuss optimization techniques involving more efficient encodings that
address this problem in Section 8.2. However, the number of bits that can be saved are, typically,
rather small, and the increased decoding complexity could outweigh the benefits of the code size

savings.

8.1 Transformationsof thelF-tree

We first consider certain transformations on the IF-tree which lead to reduced code size at the ex-
pense of someincreasein decode complexity. Thesetransformationsare guided by post-scheduling
statistics gathered on the application program that indicate how often each member of an OR-set is

selected and, for each AND-list, how often each combination of the members of its constituent OR-
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sets occurs. These transformations are performed prior to bit allocation. Thereafter, the instruction

format design process proceeds as described previoudly.

8.1.1 Thedistribution transformation

All of the transformations upon the structure of the IF-tree that we shall consider are variations of a
single transformation upon two contiguous levelsin the IF-tree, where the higher level isan AND-
list and the lower level isall of the OR-sets that are children of the AND-list. The AND-list under
consideration can be either asubset or all of an AND-list inthe|F-tree, i.e., either someor al of the
OR-sets at the lower level may participate in the transformation. We refer to this transformation
as the distribution transformation or just distribution. We first discuss the mechanics of two
versions of this transformation, irredundant and redundant, and then consider various situationsin

which this transformation is beneficial.

Irredundant distribution

Common to both the redundant and irredundant versions of the transformation is an initial step
that partitions each OR-set into one or more subsets. (At least one OR-set must be partitioned into
multiple subsets, else this becomes a null transformation.) Consider the example of Figure 14a
which consists of an AND-list of two OR-sets. Assume that each OR-set is partitioned into three
subsets, as shown in Figure 14b. In the case of the irredundant transformation, we form the Carte-
sian product of the two partitioned OR-sets, and get an OR-set of nine AND-lists, as shown in
Figure 14c. The origina AND-list isreplaced by this OR-set. This transformation is analogous to
taking a Boolean expression, which isin the form of an AND of OR expressions, and distributing

the AND operator across the OR operators-hence the name.

Redundant distribution

The redundant version of the transformation shares the same first step with its irredundant coun-

terpart. However, instead of replacing the original AND-list with the Cartesian product set of
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A1 B1
A B N | By
L. .A:3 ....... B. 3. --
(a) (b)
A1 B1 A1l B1
A1 B2 A1 B2
A1 B3 A2 B1
A2 B1
A2 B2 A B
A2 B3
A3 B1 (d)
A3 B2
A3 B3
(c)

Figure 14: The distribution transformation. (a) An AND-list consisting of two OR-sets, A and B.
(b) The two OR-sets after partitioning. (¢) The nine irredundant AND-lists obtained by replacing
the original AND-list with the Cartesian product of the two partitioned OR-sets. (d) The four
redundant AND-lists obtained by augmenting the original AND-list with three of the nine AND-
listsin (c).

AND-lists, it is instead augmented with some distinguished subset of the latter AND-lists. In the
case of our example, the original AND-list is augmented with three of the nine AND-listsin Fig-
ure 14c toyield the OR-set of AND-listsin Figure 14d. This OR-set replacesthe original AND-list
in the IF-tree. The choice of these three AND-lists could, for instance, have been motivated by the
fact that the remaining six have alow frequency of use. Thistransformation is redundant since any
combination that can be specified using any of the three new AND-lists can aso be specified using
the original AND-list (which is still present).

The redundant transformation presumes two conditions. Firstly, the three new AND-lists must
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have some preferential properties with respect to code size which are not shared by the original
AND-list. Otherwise, thistransformation would be pointless. For instance, in our example, it could
bethat A1 and B1 require significantly narrower containers than do A and B, respectively, avirtue
that is shared by the three new AND-lists in comparison to the original AND-list. In addition,
these three AND-lists must be frequent for this code size benefit to be realized. Conversely, all
of the remaining six AND-lists from the full Cartesian product set must either be infrequent or
lack the preferential code size property. Were this not the case, they should have been added to
the set of redundant, augmenting AND-lists. In the extreme casg, if the full Cartesian product set
of AND-listsisincluded, the original AND-list is completely redundant, and may be eliminated.

This, of course, isthe irredundant distribution.

In the event that the original AND-list was a member of an OR-set, rather than a subset of alarger
AND-list, both versions of this transformation produce a (new) OR-set which is a member of
another (pre-existing) OR-set. The new OR-set can be eliminated by making its members part of
the higher level OR-s&t.

8.1.2 Strategiesfor re-structuring thelF-tree

One can devise a variety of IF-tree transformations based on how the OR-sets are partitioned,
whether redundant or irredundant distributionis used and, if the former, which subset of the Carte-
sian product set of AND-listsis chosen to augment theoriginal AND-list. Furthermore, distribution
can be used at either one, or both, of the AND-list levelsin the IF-tree: the template level or the

operation format level.

Custom templates. The most important strategy for reducing code space wastage is to design
a set of application-specific, custom templates; application-specific because they reflect the con-
currency statistics of the scheduled application. One situation in which distribution is beneficial is
when afrequently occurring opgroup is part of a super group that also contains other, significantly

wider opgroups. As noted earlier, thisis one of the primary causes of wasted code space. We can
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choose thisfrequent opgroup as the di stingui shed subset, apply redundant distribution and augment
the original template with a new one which differsfrom the original onein only one operation slot.
Instead of the ability to specify any operation from any opgroup in the super group, this template
can only specify an operation from the distinguished opgroup. The operation slot in this template
need only be as wide as the distinguished opgroup.

The extreme case of a narrow opgroup is the no-op opgroup. Each super group contains the no-
op opgroup which consists of just one operation: the no-op. Since the no-op has no opcode and
no operands, this opgroup is of zero width. When no other operation from this super group is
to be issued, the no-op is specified, thereby wasting the full width of the container. If thisis a
frequent situation, the no-op opgroup can be selected as the distinguished opgroup, resulting in a
new, augmenting template that has a zero-width container for the no-op opgroup, i.e., the no-op is

implied by the template select code rather than being explicit.

This transformation need not be applied one super group at atime. One frequent opgroup can be
selected as the distinguished opgroup from each super group in such a way that the combination
of distinguished opgroups is frequent. (The distinguished opgroup could be the no-op opgroup.)
Redundant distribution is used to yield a new, augmenting template which is only able to specify
that particular combination of opgroups. This new template wastes no bits on explicit no-ops and
no bits are wasted due to any of the operation slots being wider than the corresponding opgroup.

This simultaneously addresses both of the primary causes of code space wastage.

This process may be repeated until it is rarely necessary either to use a template in which an
explicit no-op has to be specified or to specify a narrow opgroup in asignificantly wider container.
(This is the strategy currently implemented in PICO.) Alternatively, we can do thisin one step.
We could identify, for each super group in the template, the frequent, subset of opgroups, al of
which are narrower than the remaining members of the super group. This defines a distinguished
subset of opgroups per super group, the Cartesian product of which yields a number of opgroup

combinations. Those combinations that are frequent define new, augmenting templates.
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Custom super groups. The above procedure could result in a very large number of custom
templates. Thereasonisthat each custom template consistsof super groups, each of which contains
just one opgroup. The number of new templates can be reduced by defining custom super groups.
If two templates are identical in every operation slot but one, they can be combined into a single
template if the differing opgroups are of approximately the same width. The only difference in
this new template is that the two differing opgroups have been replaced by a custom super group
that contains both opgroups. This substitution can be applied repeatedly to yield a smaller set of

templates comprised of newly formed custom super groups.

Instead of creating alarge number of templates and then having to re-combine them, it ispreferable
to create fewer templatesin the first place. One can do this by defining the desired custom super
groups before performing distribution. First, we partition the set of frequent opgroups in each
super group into distinguished subsets of roughly the same width. (The infrequent opgroups are
ignored.) These distinguished subsets constitute the custom super groups. Next, we form the
Cartesian product of these custom super groups, and pick the frequent combinations as the custom

templates.

Custom opgroups. Anopgroup is an OR-set of operation formats, and just as a super group can
waste code space when it contains opgroups of disparate width, so can an opgroup cause wastage
when it has a frequent operation format that is significantly narrower than the widest format. In
such cases, it is beneficial to define custom opgroups. This proceeds in much the same manner as
for custom super groups. The frequent operation formats of each opgroup are grouped together
into subsets of roughly equal width. These subsets constitute the new custom opgroups, and they

get to participate in the definition of custom super groups which, in turn, define custom templates.

Custom operation formats and custom 10-sets. Operation formats are the second level of
AND-listsin the IF-tree. One can, with benefit, apply distribution jointly to thislevel and the next
lower level of OR-sets. For instance, consider an operation format for an opgroup that consists of

dyadic operations. This AND-list consists of an opcode OR-set and a number of OR-sets each of
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which isan 10-set. The OR-sets of particular interest are the 10-sets for the source operands. For
instance, assume that the source operands can each be either a 5-bit register specifier or a 10-bit
literal, but that aregister is specified more often then not. This creates an opportunity to save code

space when registers, rather than literals, are specified.

As we did to create custom templates, we can first define custom 10-sets by grouping together
frequently occurring operand specifiers into new, custom 10-sets. We can then form the Cartesian
product of the custom 10-sets and, finally, pick the frequent combinations to get a set of custom
operation formats for each opgroup. In our example, this would result in a new, shorter operation
format where both source operands can only be registers. This new custom operation format is 10
bits narrower than the widest operation format (when both are literals). Since the narrow operation
format isfrequently used, these 10 bits are wasted quite often. This might argue for creating a new

custom opgroup which only has this one narrow operation format.

Custom I F-subtrees. The customization procedure outlined above is fundamentally bottom-up,
although we have described it in top-down order for clarity. The definition of custom 10-sets leads
to custom operation formats, custom opgroups, custom super groups and custom templates-in that
order. When applied systematically and comprehensively to the IF-tree in a bottom-up manner
using redundant distribution at every step, this results in a custom, redundant |F-subtree replete
with custom templates consisting of custom super groups, custom opgroups, custom operation
formats, and custom IO-sets. In effect, this custom |F-subtree represents a subset instruction set
architecture (ISA). Since it is based on program statistics, this is the portion of the overall ISA
that is used predominantly, in a static sense, throughout the program. By using this subset |SA

whenever possible, the size of the program is minimized.

Such subset | SAs are important when the program's static and dynamic statisticsare quite different.
Most of a program's execution time is typically spent in avery small fraction of the program. To
achieve high performance, the processor must be capable of high levelsof ILP, which implieswide
minimal templates. But the vast majority of the code, which is infrequently executed, does not
require high levels of ILP. Instead, compact code size is what is needed. The subset ISA makes
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this possible. Whereas the wide templates are used in the dynamically frequent portions of the
program, the subset 1SA is used in the remaining part of the statically frequent portions of the

program.

Aswe have attempted to demonstrate, awide variety of strategies can be employed in customizing
the I F-tree based on the statistics of the scheduled application. We next describe what we currently
doinPICO.

8.1.3 Our current procedure for designing custom templates

Our currently implemented procedure for designing custom templates corresponds to the simplest
strategy described above-the definition of redundant templates in which each super group consists
of a single opgroup, possibly the no-op opgroup. The space of possible custom templates of this
sort is large; if there are NV opgroups in the archspec, then there are 2V possible combinations of
these opgroups. Each combination defines one possible template. Hence, there are 2V possible

custom templates (less the minimal ones). The task isto pick the best ones.

Our approach is to identify the most frequently used combinations of opgroups that occur in the
program and design shorter templates corresponding to them. Whereas these shorter templates
have enough operation slots to accommaodate the frequently occurring combinations of operations,
they contain fewer operation slots than do the minimal templates. In particular, they do not contain
some or al of the operation slots that would have specified a no-op. The no-op specification has
become implicit and consumes no code space. The overall process consists of two passes: statistics

gathering and custom templ ate selection.

Statistics gathering

During the first pass, we define the instruction templates in accordance with the archspec, yielding
the minimal templates. This first pass aso produces the mdes that the compiler uses to produce
a scheduled version of the application program. The exact schedule of the program can now be

used to select the custom templates. For this purpose, we scan the scheduled code and generate
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a histogram of the combinations of opgroups that are scheduled as a single instruction. Thisis
done by mapping the scheduled opcodes of an instruction back to their respective opgroups and
counting the number of timesthat each combination of opgroupsoccurs. A static histogram records
the frequency of static occurrences of each combination within the program and may be used to
optimize the static code size. A dynamic histogram weights each opgroup combination with its
dynamic execution frequency and may be used to improve the instruction cache performance by
giving preference to the most frequently executed sections of the code. Currently, we use the static

histogram in our optimization to give preference to the overall static code size.

Custom template selection

This histogram is used during a second pass of instruction format design. We start with the pre-
viously defined minimal templates. The histogram statistics are used to select afew new opgroup
combinations, defining the custom templates, that are subsets of one or more minimal templates.
We formulate the task of selecting the best combinations as an optimization problem to be de-
scribed shortly. These custom templates are in addition to the set of minimal templates which must
be retained to cover all possible concurrency relations of the machine as specified by the arch-
spec. Together, they constitute the final set of templates which then go through the process of bit
allocation to yield the final instruction format.

The additional templates are narrower than the minimal templates, but they increase the size of the
template selection field and, hence, the decode logic (and, to a small extent, the code size). The
other significant increase in decode cost is due to the fact that the same operation may now be
represented in different positions in the instruction format and, as a consequence, the instruction
bits from these positions will have to be multiplexed based on the template selected. (This cost
may be partially or completely eliminated by performing affinity allocation as discussed earlier in
Section 7.2.)

The selection of the custom templates may be stated as an optimization problem as follows. Given

abudget of £ custom templates, we need to identify aset of templates, 7, which minimize the total
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program size, W, given by

W = f:fi x w(N(T,C;))

where:
e 11, .., T, arethe minimal templates,
e T,.1,., T, arethek custom templates selected from the set of al possible templates,
e 7 isthe union of the set of minimal templates and the set of custom templates,

e (1, .., C,, aredll of the distinct opgroup combinations that are found to occur, as single

instructions, in the scheduled code,

fi, - [m aretheir static frequencies of occurrence,

N(T,C;) isthe narrowest template in 7 that can be used to specify C;, and

e w(T;) isthewidth of template 7;.

This optimization problem is NP-complete. In practice, heuristic optimization techniques must
be employed. Our algorithm shown in Figure 15 is a simple and greedy solution to the above

optimization problem. Its description involves the following additional definitions:

e 7 isre-defined as the current set of templates at any point during the selection process,
consisting of the minimal templates plus any custom templates that have been selected up to
that point.

e v(C;) isalower bound on the width of the template defined by C; and is given by the sum
of the number of bits used by each opgroup in the combination C;, where the width of an
opgroup isgiven by itswidth in the minimal templates. (Note that this does not include super

group select bits, template select bits, the EOP bit and the multi-noop bits.)
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procedur e SelectCustomTemplates(TemplateSet templates, CombinationList stats, int k)
1. //Initialize the width lower bound for initial templates.

2. for (eachtemplate T" in templates) do

3 T .Ibwidth = sum of widths of 7"s operation slots;;

4:  endfor

5. /I We pick £ most beneficial combinations as custom templates.

6: repeat k times

7 Template maxBenefitTemplate ;

8 int maxBenefit =0 ;

9 for (each opgroup combination C; in stats) do

10: Il Compute the benefit of adding C'; as a custom template

11: Template Te;, = Template(C)) ;

12: T¢, Ibwidth = v(Cj) ; Il initialize width lower bound
13: int benefit =0;

14: for (each opgroup combination C; in stats) do

15: int freq = C;.frequency ;

16: Template old = Narrowest Template(templ ates, C;) ;

17: Template new = NarrowestTempl ate(templates{1¢;, }, C;) ;

18: benefit = benefit + freq * (old.Ibwidth - new.lbwidth) ;

19: endfor

20: iIf (maxBenefit < benefit) then

21: maxBenefit = benefit ;

22: maxBenefitTemplate = C; ; /I record template with maximum benefit
23 endif

24. endfor

25: templates = templates U maxBenefitTemplate ;

26. endrepeat

Figure 15: Pseudo-Code for custom template selection.

At any point during the template sel ection process, the lower bound, 1, on the size of the program,

with the current set of templates 7, is given by

V= Zfzxv (T C3)

If a single, additional custom template, T¢;, corresponding to an opgroup combination, Cj, is
added to 7', the size of the program will decrease because T¢; , rather than some superset template,
will be used to encode C; as well as other subsets of C';. The amount of this reduction, i.e., the

benefit of including the custom template corresponding to C; is given by
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b = if x [0(N(T,Ci) = o(N(T U{Tg,}, Cy))]

If D isthe set of all opgroup combinationsthat usethisnew template, i.e., N(7U{T¢; }, C;)) = T¢,
for all C; € D, then b; can be expressed as

b= Y fix[p(N(T,C;)) —v(C))]

C;eD

After computing the benefit of the custom template corresponding to each opgroup combination,
the combination C; with the largest benefit is selected, and the corresponding template is added
to 7. In general, the addition of this template will reduce the benefit of certain other candidate
templates. Therefore, we recompute the benefits b; in the context of the new set of templates

before selecting the next custom template as shown in Figure 15.

Ideally, one would repeat this process, greedily selecting a custom template on each iteration, until
the marginal code size cost of encoding additional templates and their decoding cost outweighs
the marginal code size savings. Since the decoding cost is not quantified in our benefit expression,
our strategy (refer Figure 15) isto iterate & times, where £ is a parameter (with a default value of
7) that constitutes the budget for the number of custom templates®. The results presented in [17]

show the effectiveness of this strategy in reducing program code size.

8.2 Efficient encoding of select fields

We now look at a set of code size optimizations which, by and large, do not entail the restructuring
of the IF-tree. Rather, they revolve around techniques for encoding the select field for an OR-set

S0 as to achieve high encoding efficiency.

“4In fact, our current implementation is even simpler. We eval uate the benefit of all the opgroup combinations just
once, and then pick the k opgroup combinationswith the highest benefit.

59



8.21 Variable-width encoding of the select field for OR-sets

An OR-set isamutually exclusive set of items. The encoding of an item has two parts. Oneisthe
content field which specifies the content of the item (e.g., an opcode specifier at onelevel inthe IF-
tree, or an opgroup specifier at a higher level). The second part is the select field which indicates
which particular item from the OR-set is being specified. The default strategy for encoding the
select field is to provide a fixed-width field of width [log, V|, where N is the number of itemsin
the OR-set. The overall item width is the sum of the widths of the content and select fields.

The container for an OR-set is the set of bits allocated to encode the OR-set. A property of the
instruction formats designed by PICO is that, except for the OR-set at the root level of the IF-
tree, the container for an OR-set must be wide enough to accommodate the widest item. If w4,
is the width of the widest content field across all of the items, the container is designed to be
Wmae + [log, N'| bitswide, by default. If thereisahigh variance in the content field widths of the
items, however, a variable-width encoding of the select field can reduce the maximum item width
and hence the width of the container. On the other hand, at the root level of the |F-tree where
variable-width items (templates) are already permissible, a variable-width encoding of the select
field can reduce the average item width, given a high variance in the frequency of occurrence of

the items.

Of course, there is atradeoff between the code size reduction achieved by variable-width encoding
and the resulting increase in decode complexity. The number of input bitsto the select field decode
PLA isequal to the width of the widest select field, which will be greater than the [log, N bits of

input for afixed-width encoding.

The setup for the bit allocation step must deal with an additional detail. With variable-width
encoding, the select field assumes some small number of distinct widths. For instance, let's say
that it can assume three distinct widths z, y and z, wherex < y < 2. The select field is partitioned
into three segments: thefirst oneisthefirst x bits, the second oneisthe next y — x bitsand the third
oneisthelast z — y bits. Each segment is treated as a separate field for bit allocation purposes.
The select field for an item in the OR-set will, in general, occupy thefirst n segments. The content
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field, and all of its sub-fields, conflict with these n segments, but not with the remainder, as far as

allocation is concerned. Thereafter, bit allocation proceeds as usual.

We now consider in greater detail the two flavors of variable-width encoding optimization: mini-

mization of the maximum item width and minimization of the average item width.

Minimizing the width of the container

Consider an OR-set in which the items' content widths are quite disparate. Using a variable-width
encoding, we can allocate short select codesto items having the greatest content width, whileusing
longer select codes for items having smaller content width. As a result, the width of the widest

item can be reduced.

For instance, the OR-set in Figure 16a consists of 7 items whose content fields require from 10 to
16 bits. With fixed-length select codes, we require an additional 3 bits to encode the select field,
S, bringing the overall size of the widest item and, hence, the container to 19 bits. On the other
hand, the variable-width encoding of the select field used in Figure 16b reduces the width of the
widest item, and the width of the container, to 17 bits. However, the widest select field is now 5
bits versus 3 bitswith fixed-width encoding. Since the complexity of the decodelogic for the select
field is determined by the width of the widest select field, it is desirable that this maximum width
be minimized. The variable-width encoding in Figure 16¢ does so, reducing the widest select field
to 4 bits without increasing the width of the widest item above 17 bits.

The statement of the problem is as follows. Given an OR-set, design a variable-width encoding
for the select field that, as a primary objective, minimizes the width of the widest item (select field
plus content field) and which, as a secondary objective, minimizes the width of the widest select
field.

In general, if an OR-set has IV items, and w; is the content width of the i-th item, the total number
of distinct alternatives that can be specified by the OR-set is given by %, 2 since the i-th item

can specify 2% alternatives. Thus alower bound, 177, on the container width is given by

61



rs

rs

rs

00Qlaaaaaaaaaaaaaaaa Qaaaaaaaaaaaaaaaa Oaaaaaaaaaaaaaaaa
001 |bbbbbbbbbbbbbb 100[bbbbbbbbbbbbbb 100lbbbbbbbbbbbbbb
01Q] |cccccecceccccececccc 101cccceccccceccec 101cccccecceccecc
011] |ddddddddddddd 1100[ddddddddddddd 1100[ddddddddddddd
100 eeeeeeeeeeee 11010leeceececeeeceee 1101 leeeeceeeeeeee
101 ffffffffffff L101AJf fffffffffff 1110 [Ffffffffffff
110 999999999999 11100]999999999999 1111) j999999999999
(a) (b) (©)

Figure 16: Encoding strategies for the select field, S, of an OR-set. (a) The fixed-width encoding
for the selector field yields a container width of 19 bits. (b) The variable-width encoding resultsin
acontainer width of 17 bits, and a maximum select field width of 5 bits. (c) A further optimization
reduces the maximum select field width to 4 bits without increasing the container width.

N
W = {log2 > 2“”-‘

=1
We will limit our discussion to only valid encodings for the select field. A valid encoding is one
in which the (narrower) select code for one item is never the prefix of the (wider) select code
for another item. Such codes are also known as prefix codes [5]. Valid encoding simplifies the

decoding by recognizing narrow select codes uniquely without looking at additional bits.

To be optimal, a variable-width encoding of the select field must be such that the select field width,
s;, for the i-th item is no more than (W — w;) bits. We use the following lemma, which we state

without proof, to show that such an optimal variable-width encoding always exists’.

Lemma 2 (Variable-width Encoding) Let s; be the width of the select field for the i-th itemin an
OR-set of N items. This set of select field widths possesses a variable-width encoding of the select
fieldif and only if

N

d 27 <1

=1

SEven though this lemma is introduced in the context of minimizing the maximum item width, it applies to the
variable-width encoding of aselect field in any context.
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Furthermore, for every choice of select field widths that satisfy the above condition, and only for
those that do, it is always possible to define a select code for each item, that fits within the width of

the corresponding select field, such that the set of select codestogether constitute a valid encoding.

The intuitive explanation for the above lemma is that a select field of width s; bits uses up 2~
fraction of the encoding space. Now, if s, = W — w;, where W is as defined above, then
N N ZN w;

N
Yo=Y owW = "Qéf <1, since2” >3 72"

i=1 i=1 =1

Thus, a valid, optimal, variable-width encoding always exists when the select field widths are

selected in this manner.

Our process for designing optimal variable-width encodings consists of two algorithms. The first
one minimizes the width of the widest select field without increasing the width of the container
beyond IV hits. In generdl, if s, = W — wy;, the condition of the lemma, when evaluated, yields a
strict inequality. Thisisthe case with our example in Figure 16b. Our algorithm takes advantage
of this situation and reduces the width of the widest select field until the condition of the lemma
evaluates to an equality. Thereby, within the constraint of a container width of 1/, the algorithm
minimizes the maximum value of s;, across all the items, without violating the condition imposed
by the lemma. Thisis the case in Figure 16¢c. The second algorithm takes a set of select field
widths that satisfy the lemma’s condition, and generates a valid set of select codes of the specified
widths. A detailed description of these algorithmsis beyond the scope of this report.

If wmae. iSthewidest content field acrossall of theitems, W must necessarily be at least (w4, +1).
Aswe observed earlier, the container width with fixed-width encoding would be (w4, + [loga N'|)
bits, where N isthe number of itemsin the OR-set. Thus, an upper bound on the savings from the
use of variable-width encoding of the select field is ([log, /N — 1) bits. In the above example, this

upper bound is achieved.
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Minimizing the aver age width of the container

Instead of minimizing the width of the widest item in an OR-set, one could choose to minimize
the average width of an item. Since the content width is fixed, this amounts to minimizing the
average width of the select field. When the frequencies of the items are quite disparate, well
known techniques such as Huffman coding [5] can be employed to minimize the average width
of the select field by allocating short select codes to frequent items and long select codes to the

infrequent ones.

In general, for an OR-set with NV items, the frequency of whose i-th item is given by f;, a lower
bound on the average number of bits needed by the select field when using a frequency-based,
variable-width encoding of the select field is given by itsinformation theoretic entropy [13]

N N
—Zp,-loggpi, wherep;, = f;/F and F' = Zf,
i=1 i=1

Here, p; is the empirical probability of the i-th item, and F' is the total number of instances of
the items (e.g., the total number of instructions if the OR-set is the set of instruction templates).

Conseguently, an upper bound on the savings that can be achieved is given by
N
P x (ﬂng N1+ pi 10g2Pi>
=1

For any OR-set containing more than one item, an upper bound on the savings, across all possible

frequency statistics, is
F x ([logy N] —1)

since the select field of even the most frequent item must be at least one bit wide. This upper bound

is approached as p; approaches 1 for some one item.

In the context of the IF-tree, however, this optimization has limited applicability except at the root

level. For OR-sets at lower levels, the size of the container is determined by the width of the
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widest item. A consequence of Huffman coding is that infrequent items will get select codes that
are longer than [log, V] bits. Should items with greater content width happen to be infrequent,

Huffman coding will actually increase the size of the container.

Nevertheless, Huffman coding can be valuable in encoding the template select field in order to
minimize the average width of the template select field, thereby minimizing the average width of
an instruction and, thus, the size of the program. However, the standard Huffman coding algorithm
will not give the best results; a variable-width, frequency-based encoding algorithm is required
which takes into account the quantized nature of the instructions. Due to rounding the instruction
templates up to the next multiple of the quantum, each template will have some number of unused
bits which are "free” as far as the select field is concerned. Should a high frequency template
happen to have a large number of unused bits, it might make sense to give this template a longer
select code than the Huffman a gorithm would have provided. Asaresult, some other less frequent
template, which has very few unused bits can be given a select code that is shorter than what its

Huffman code would have been.

8.2.2 Efficient joint encoding of the select fieldsin AND-lists

Given an AND-list whose OR-sets do not utilize their encoding space fully, one can design ajoint
encoding of those OR-sets that is more efficient. (Note that the AND-list in question can either be
oneitemin ahigher level OR-s&t, or it can be a subset of an AND-list.)

We shall illustrate the problem and two solution strategies using the example of Figure 17 which
shows an AND-list consisting of three OR-sets, each of which contains five items. (These three
OR-sets could, for example, be the register specifiersfor athree-operand operation format, and the
AND-list shown in Figure 17a would then represent a subset of the operation format AND-list.)
The content fields are not shown in Figure 17; only the select fields are. The content fields may
be non-existent if, for instance, these OR-sets correspond to the opcode or register specifier fields.

Evenif the content fields exist, they are irrelevant to this optimization and are ignored.

Using the most obvious encoding, this would require 3 bits per OR-set, for a total of 9 bits, as
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Figure 17: Partitioning of OR-sets into power-of-two (POT) blocks. (a) An AND-list consisting
of three OR-sets with five items per OR-set. Only the selector fields for the OR-sets are shown. A
total of 9 hits are needed to represent this AND-list. (b) Each OR-set after partitioning into two
POT blocks, one with four items and the other with one. (c) The resulting eight AND-lists after
taking the Cartesian product of the POT blocks corresponding to each OR-set. (d) An encoding
for the eight AND-lists using a variable-width encoding for the selector field. Unvarying bits of
the original selector fields are implicit based on the selector field. Only 7 bits are now needed to
represent these eight AND-lists.

shown in Figure 17a. On the other hand, since this AND-list specifies one of 5 = 125 possible
combinations of register specifiers, [log, 125] = 7 bits should be enough. The fact that each OR-
set is inefficiently encoded, using 3 bits to encode just 5 items, results in an overall wastage of
2 bits. What we wish to do is to come up with a joint encoding of the three select fields which
avoids this wastage. Thisjoint encoding, when decoded, should yield the original select fields of
Figure 17a, after which they can be used as needed.

One strategy is to use irredundant distribution to replace the AND-list by a single OR-set of 125
items. Thiswould yield an efficient encoding requiring 7 bits, but the decoding would be relatively
complicated; since each decoded register specifier is 3 bits and there are three register specifiers, a

decode PLA with 7-inputs and 9-outputsis needed as shown in Figure 18a.
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Figure 18: Decoding hardware needed for joint encoding of select fieldsin AND-lists. (a) Direct
decoding of 125 joint OR-set items requiring one 7-input, 9-output PLA. (b) POT-block decoding
requiring one 5-input, 6-output PLA and three 4:1 multiplexors.

The second strategy reduces the decode complexity by first partitioning each OR-set into two
subsets, as shown in Figure 17b. The first subset consists of the four specifiers whose high-order
bit is 0. The second subset consists of the singleton specifier “100”. The key property of these
subsets is that the cardinality of each is a power of 2. Hence, we refer to them as power-of-two
blocks or POT-blocks. The strategy is to partition each OR-set into the smallest possible number
of maximal POT-blocks. After thisis done, each OR-set in our example consists of just two items
whose content widths are unequal. For the first POT-block in each OR-set, since it is known that
the high-order bit is 0, only 2 bits are needed (shown as “xx”, “yy” and “zz", respectively) to
specify the register unambiguously. Likewise, for the second POT-block, O bits are needed; once
the select field specifies thisitem, all three bits of the register specifier are known to be “100”.

I rredundant distribution can now be applied to the AND-list of Figure 17b, which gets replaced by
the single OR-set of Figure 17c. The Cartesian product of the three OR-sets of Figure 17b, each of
which has two items, yields an OR-set consisting of 8 items, each of which isa 3-tuple of register
specifiers. These 8 items have unequal lengths. One item is of length 6, three are of length 4,

three are of length 2, and one is of length 0. The use of a variable-width select field, as shown in
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Figure 17d, results in an efficient encoding with a container width of 7 bits. Thisis the narrowest

possible encoding given that there are 125 different possible combinations of register specifiers.

The advantage of this scheme is reduced decode complexity. For each register specifier, the 3 bits
come from one of four places. When it corresponds to the first POT-block, the two |ower-order
bits can come, in general from one of three positionsin the container, asillustrated by Figure 17d.
(The high-order bit is identically “0”.) In the case of the second POT-block, the entire specifier
isidenticaly “100”. Thus, a 4:1 multiplexer is required as shown in Figure 18b, which in turn
requires 2 steering bits that must come from the select field decoder. Since each register specifier
needs two such bits, and since the maximum width of the select field is 5 bits, the decode PLA wiill

have 5 inputs and 6 outputs.

Although this decode PLA is smaller than the previous one with 7-inputs and 9-outputs, this strat-
egy does require the three multiplexers as well. The relative merits of the two encoding strategies
must be evaluated on a case by case basis. Both encoding strategies are identical with respect to

the resulting code size.

An upper bound on the savings is one bit less than the number of OR-sets in the AND-list. To
see this, consider an AND-list of N OR-sets, and suppose that the original, fixed-width encoding
for the i-th select field is w; bits wide. Therefore, the minimum possible number of items in the
i-th OR-set is 2@~ + 1, and the minimum possible cardinality of the Cartesian product of the N
OR-setsisgiven by

N N
[T(2o 1) >][2w ! = 93 i, (wi=1)
=1 =1

Conseguently, alower bound on the number of bits needed to jointly encode the NV select fieldsis

1+;(wi—1):;wi—(1\7—1)

for amaximum savingsof NV — 1 bits. Thisupper bound on the savingsis achieved in our example.

This optimization, which is motivated by the inefficient utilization of the encoding space, can be

viewed as a combination of three steps: the partitioning of OR-sets into POT-blocks, the irre-
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dundant distribution of the AND-list over the OR-sets, followed by a minimal container width

encoding.

8.2.3 Meritsof variable-width encoding

The savings, dueto jointly encoding the select fields of an AND-list, are typically quite limited. At
best, the savings are one less bit than the number of OR-sets. The savings, due to variable-width
encoding of the select field of an OR-set, are more attractive. Under the best of circumstances, the
impact of the select field on the container width or on the average item width can be reduced to
one bit. Aggregated over the entire instruction, these savings could be significant. However, these

savings are at the cost of increased decode PLA complexity.

Thereisone situation in which these savings could be extremely important. Theinstruction packet-
the unit of access from the instruction cache-has to be at least as wide as the widest instruction
template to ensure that an instruction can be issued every cycle. It is often further required that it
be rounded up to the next power-of-two bytes in width. If the widest template happens to be just
afew bits wider than a power of two, the instruction packet is approximately doubled. Since the
data paths and the storage elements between the instruction cache and the instruction register must
all be as wide as the instruction packet, this can have a major impact on the cost of the hardware.
Under such circumstances, the use of variable-width encoding, to bring the width of the widest

template down below the power to two boundary, can be entirely worthwhile.

9 Machine-description driven assembly

Our overall objective is to enable widespread, on-demand design and use of customized archi-
tectures that provide better performance at a lower cost for a given application. However, such
customizations and design trade-offs are tedious, at best, to apply manually to a given design, let
alone to a series of designsin a design space exploration. Therefore, an important requirement of

fulfilling our objective is a capability to automatically retarget the entire software tool chain, in-
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Figure 19: A retargetable tool chain automatically driven by the information produced by the
VLIW synthesis subsystem.

cluding the compiler, assembler, disassembler, smulator etc. to an arbitrary machine architecture
within the design space. The PICO-VLIW system is designed to allow such retargeting auto-
matically by separating the architecture-dependent information from the software tools that make
use of that information in a table-driven manner. In this section, we describe PICO's tool chain

retargeting technology in the context of designing custom VLIW instruction formats.

The various components of our automatically retargetable tool chain are shown in Figure 19. The
VLIW Synthesis subsystem produces an mdes and an instruction format corresponding to each
processor configuration it designs. These data structures encapsulate all the essential information
needed by the software toolsin order to retarget them to the new architecture. These data structures
abstract away from a detailed hardware description of the processor and present a tool-centric view
of themachine. Theinterfaceto the varioustoolsis managed by an mdesquery system (mQS) that

can satisfy afixed set of queries regarding the processor. The mQSisinitialized with the machine-
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specific mdes and instruction format data structures to fulfill these queries on behalf of the various

tools. In thisway, the tools themselves are kept machine-independent and easily retargetable.

We have shown previoudly [1, 16] how to design mdes-driven compilers and the mQS interface
for VLIW architectures primarily supporting the instruction scheduler and the register allocator
modules. In thisreport, we describe the additional mechanisms and queries needed to allow the as-
sembler® and the disassembler to be retargeted to different machine instruction formats. As shown
in Figure 19, the extension to the mQS consists of two components, the | F-tree data structure de-
scribed earlier and atemplate manager. The IF-tree contains all the machine-specific instruction
format information that is needed by the assembler and the disassembler. The template manager
manages this machine-specific information and provides a fixed set of queries to be used during
assembly and disassembly. It also carries and manipulates internal state representing the partial

state of assembling or disassembling an instruction.

Before delving deeper into the process of assembly and linking using the mQS, we first discuss
some important issues in the design of retargetable assemblers for VLIW architectures. Next, we
describe the the mQS interface queries used by the assembler, followed by a description of the data

structures and mechanisms used by the mQS during the process of assembly and disassembly.

9.1 Issuesin assembler design

A VLIW assembler is provided with the scheduled program consisting of a sequence of sets of
architectural operations. Each set consists of the operations scheduled on the same cycle. The
job of the assembler is to encode each set of operations into a single instruction and consequently
the entire program into a single stream of instruction and data bits. In order to make the assem-
bler easily retargetable to different architectures, the instruction format dependent aspects of the
assembly process are factored out into the mQS interface which is described later. The assembler

still retains many important architecture-independent responsibilitiesincluding code layout and in-

8In all our discussion, we use the term assembly to denote the combined processes of instruction assembly and
program linking.
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struction template selection policies. Below, we briefly discuss the relevant issues that differ from

atraditional design.

9.1.1 Codelayout

As described in the previous sections, our system permits multiple instruction templates with pos-
sibly different widths. Furthermore, not all operations within atemplate may have the same width.
Thisimplies that the width of each instruction and consequently its address offset within a proce-
dure can not be determined simply by counting the number of operations. A consequence of this
is that the resolution of symbolic addresses within the program including forward branch offsets
and data and procedure references becomes a two-pass process. In the first pass, each instruction
in aprocedure is assigned an address offset by selecting an instruction template for it and possibly
aligning it to some address boundary. In the second pass, each instruction is assembled into the

template selected for it while resolving symbolic addresses to actual addresses assigned earlier.

9.1.2 Template selection and assembly

The assembler does not have any direct knowledge of the instruction format of the machine. In-
stead, it makes queries to the template manager within the mQS to identify the available choices
for templates that may encode a given set of operations. The template selection policy, however, is
controlled by the assembler. The choice of atemplate may either depend on its encoding properties
(e.g. itslength, the number of multi-noops available etc.) or the assembly context (e.g. whether a
subset architecture mode is set). Our current policy, which is geared towards reducing the overall
code size, isto choose the shortest template that may encode a given set of operations, and in case
of atie, the one with the maximum number of allowable multi-noop cycles. If the chosen template
can not encode al the multi-noop cycles that are needed, the next instruction is chosen to be the
shortest template, which will consist entirely of no-ops, that can encode all the remaining no-op

cycles.

Given an appropriate template, the assembler needs to fill it with the proper encoding of the given
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set of co-scheduled operations. However, the assembler does not have any knowledge of the tem-
plate structure either. This format-specific information is kept within the mQS and managed by
the template manager. Therefore, the assembler provides the opcode and operand information for
each of the co-scheduled operations to the template manager, which assembles the instruction on
assembler's behalf using the selected template. This division ensures that the assembler need not
know anything about the target architecture and its instruction format, it only needs to understand

the structure of the program that is supplied to it and make policy decisions regarding its encoding.

9.1.3 Branch target alignment

The assembler is also responsible for making branch target alignment decisions while laying out
the code in memory. Enforcing all branch targets to be aligned to packet boundaries may blow
up the code size by a large amount due to wasted bits. On the other hand, for frequently visited
branch targets outside the sequential flow of control, the accumulated stall penalty due to the target
instruction not being contained within one instruction packet may be substantial. Therefore, we
use a profile driven heuristic to ensure that the most frequently executed targets do not cross a
packet boundary. This eliminates the branch penalty for such targets requiring minimal increasein

code size.

In this approach, the compiler needs to profile the program and annotate the assembly code with
the frequency with which each branch target is visited viaataken branch. Before starting the actual
process of assembly, the assembler first sorts all branch targets from the highest to the lowest dy-
namic frequency and then classifies them one-by-one as not permitted to cross a packet boundary
(non-crossing) by keeping track of two cumulative values: dynamic fraction of targets already clas-
sified as non-crossing (initially 0.0) and static fraction of targetsthat may potentially cross a packet
boundary (initially 1.0). At the point when the dynamic fraction of non-crossing targetsis equal or
larger to the static fraction of potentially crossing targets, the process stops and all the remaining
unprocessed targets are classified as potentially crossing a packet boundary. Next, the assembler

assembles the code assigning addresses to each instruction in sequential order. If a branch target
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instruction that has been classified as non-crossing isfound to cross apacket boundary, it isaligned

to the next packet boundary and the EOP bit is set in the preceding instruction.

Thisheuristic essentially triesto achieve an even balance between dynamic fraction of non-crossing
targets (causing increase in code size) and static fraction of potentially crossing targets (causing
branch penalty) to effectively trade off branch penalty and code size. The results presented in [17]

show the effectiveness of this heuristic.

9.2 Thequery interface
The set of mQS interface functions related to the process of assembly and disassembly can be
classified into the following categories:

Template selection - These functions enable the selection of the most appropriate instruction for-

mat template for a given set of architectural operations scheduled in the same cycle.

Template assembly - These functions help to assemble a single VLIW instruction by filling the
operation information provided by the assembler into the template and then returning the bit

encoding of the fully assembled instruction.

Template disassembly - These functions help to disassemble an instruction byte stream, identi-

fying the set of operations scheduled within one instruction.

Miscellaneousinstruction format information - These functions provide genera information

regarding the instruction format of the machine.

We describe the functions provided in each of these categories.

9.21 Template selection queries

voi d set _operation_tupl e(List<opcode, ioformat>);
tenpl atei d get _next _tenplate();
void set _tenplate(tenplateid);
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For each set of co-scheduled operations to be assembled, the assembler uses the first function to
provide their opcodes and the operation formats to the template manager. The template manager
uses this information to identify all templates that can encode the given set of operations. An
instruction filled with only no-ops is specified as the empty operation tuple. We assume that the
choice of atemplate to encode a given set of operations may depend only on the opcodes and the
operation formats and not, for example, on the specific register number, or the literal value that
needs to be encoded. The second function behaves like an iterator providing an integer handle to
the next available template that can encode the previously identified set of co-scheduled operations.
If there is no next template, it returns -1. The last function instructs the template manager to use

the specified template to encode the current set of co-scheduled operations.

int get _tenplate_size(tenplateid);
int get tenplate unused bits(tenplateid);

int get tenplate max_rnulti _noops(tenpl ateid);

This set of queries help to select the best template from the ones that can encode the given set of
co-scheduled operations. Thefirst query returnsthe size of the given template in bits. This may be
used to find the shortest template that would encode the current set of operations. The second query
returnsthe number of the unused bitsin the given template after or during the process of assembling
aset of operationsinto it. Thismay be used to select a template based on the static bit utilization.
The third query returns the maximum number of multi-noop cycles that may be accommodated
within the current template. This may be used to select a template based on whether it is able to

encode the desired number of multi-noop cycles that follow the current instruction.

9.2.2 Template assembly queries

voi d assenbl e_op(opcode);
voi d assenbl e_pred(regnum ;

voi d assenble pred |it(bool);

75



voi d assenbl e_src(regnum;
void assenble src lit(int);

voi d assenbl e_dest (regnum ;

For each operation in the set of co-scheduled operations, the assembler repeatedly calls the above
functionsto provideits opcode and operand information to the template manager. The opcodesand
the operands must be provided in the same order as that specified during template selection and
must also correspond to the operation format specified at that time. The template manager consults
the IF-tree to identify the instruction field, its bit position, and the encoding corresponding to each

operation component and sets the appropriate bits in the selected templ ate.

voi d assenbl e _nulti_noop(int);
voi d assenbl e _EOP( bool ) ;

The assembler uses the above functions to set template-wide properties. The first function is used
to encode the number of cycles following the current instruction filled completely with no-ops.
The second function is used to set or reset the EOP bit of the current template which identifies the
fact whether the next instruction isor is not aligned to the packet boundary respectively.

Bi tvector get _instruction();

Finally, the above function returns the completed bit encoding of the fully assembled instruction

to the assembler.

9.2.3 Template disassembly queries

The mQS interface for the disassembler isthe reverse of that for the assembler. Essentially, the job
of the disassembler isto decode the instruction in software in much the same way as theinstruction
decode logic does it in hardware. Since the architecture may contain variable length instruction
templates, the width of the current instruction and hence the position of the next instruction are
determined only after identifying the current instruction template which is then decoded to obtain

the set of co-scheduled operations within it. The following mQS queries support this process:
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tenpl ateid set _instruction(Bitvector);

Thisfunction takes a stream of instruction bits (equal to the maximum size instruction) and identi-
fiesthetemplatethat it belongsto. The template manager records the bitsinternally for subsequent
decoding. The returned templateid may be used by the disassembler to determine the size of the

template which identifies the starting position of the next instruction in sequence.

Li st <opcode, ioformat> get operation_tuple();

This query returns the opcodes and the operation formats corresponding to the set of co-scheduled
operations in the current instruction. These are used to identify the various components of the

instruction using the following queries.

voi d di sassenbl e_op(opcode);
regnum di sassenbl e_pred();
bool disassenble pred |it();
regnum di sassenbl e_src();
int disassenble src |it();

regnum di sassenbl e_dest () ;

The first query indicates to the mQS which operation out of the list returned above is to be dis-
assembled next. The remaining queries are used to disassemble the operands of that operation in
the order specified by the operation format. The operation format identifies whether aregister or a

literal is specified for predicates and data sources.

int disassenble multi_noop();
bool disassenble EOP();

The gueries determine the template-wide properties regarding the number of multi-noop cycles

encoded within the template and whether or not the EOP bit is set.
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9.24 Miscellaneous queries

The following queries are used to obtain miscellaneous information about the instruction format

design of the given architecture.

i nt get_packet _size();
i nt get_quantum si ze();

int get_max_inst_size();

Thefirst function is used to obtain the size of an instruction packet in bitsthat identifies the start of
the next instruction when the EOP bit is set in the current instruction. The second function returns
the quantum size used during instruction format design. The third function returns the size of the
maximum sized instruction template in bitswhich isthe size of the bitvector passed to the template

manager to disassemble.

9.3 mQSdata structures and mechanisms

In order to support the above queries, several architecture-dependent data structures are maintained
within the mQS by the template manager. Below, we describe these data structures together with
the various mechanisms that the template manager uses in order to implement the above mQS

interface.

9.3.1 Template selection support

The template manager needs to find all instruction templates that can encode the given set of
architectural operations characterized by their opcode and operation format combinations. The
number of such combinations is, however, extremely large. This is because there may be a large
number of architectural opcodes supported by an architecture when counting all the variations for
data widths, resource reservations, latencies and compare conditions. Furthermore, each opcode

may support many different operation formats including various kinds of addressing modes and
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procedure FindValidTemplates(List<opcode, ioformat>, operationList)
TemplateSet templates = All Templates;;
for (each (opcode, ioformat) in operationList) do
OpGroupSet opgroups = OpcodeM ap.val ue(opcode) ;
TemplateSet opTemplates = emptySet ;
for (each opgroup in opgroups) do
if (Match(opgroup.ioformat, ioformat)) then
opTemplates = opTemplates U opgroup.templates ;
endif
endfor
10: templates = templates N opTemplates;;
11: endfor
12: return templates;

Figure 20: Pseudo-codeto find the set of valid templatesthat may encode a given set of operations.

register files for each of its operands. Finally, an instruction is characterized by a set of such
opcodes and operation formats which is a cross product of all these possibilities. Therefore, rather
than enumerating all possible sets of operations and the templates that may encode them, the
template manager uses some auxiliary data structures and a matching algorithm to find the valid

templates.

The template manager keeps a hash table called the opcode map which maps each architectural
opcode to the set of opgroups (kept as a bitvector) in which that opcode may appear. Different
opgroups in this set may implement either digoint or overlapping operation formats for the given
opcode. An opcode may end up belonging to multiple opgroups when a new combination of
opcodes or certain operation format combinations of existing opcodes are separated into a new

opgroup for template customization.

Another data structure kept by the template manager is the opgroup table that lists all opgroups
and the various operation formats they support. The size of this table is proportional to the num-
ber of opgroups supported by the architecture which is usually even smaller than the number of
architectural opcodes. Each opgroup in the opgroup table also keeps a set of templates (also kept
as a bitvector) in which it can be encoded. This set is directly derived from the instruction format

design process by identifying the opgroups that are present in atemplate.
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Figure 20 shows the pseudo-code for the process of identifying all valid templates that can encode
agiven instruction within the template manager. This processisinitiated when the assembler pro-
vides the opcode and operation format pairs characterizing the current instruction to the template
manager using the function set _oper at i on_t upl e. Thefirst step isto map each supplied op-
code from this pair to the set of opgroupsit belongs using the opcode map. The next step isto filter
this set for valid opgroups that can implement the current opcode and operation format pair. This
is done by matching the supplied operation format with the ones alowed for that opcode within
each opgroup. If more than one opgroup matches, then each is considered to be a candidate for
encoding that opcode and operation format pair. A union of the set of templatesthat may encode a
candidate opgroup gives the set of all templates that may encode the given operation. Finally, the
intersection of such sets across al operations gives the set of valid templates that may encode all

the operations of the current instruction.

Any one of the templates found in the above process may be selected by the assembler to encode
the given instruction. Therefore, various properties of the templates need to be recorded in order
for the assembler to identify the best template amongst the available choices. These properties are
also kept within the template manager in atemplate table. Such properties include the size of the
template in bits, the number of multi-noops cycles that can be encoded within it, and the number

of unused bits within the template due to encoded no-ops as well as affinity allocation of fields.

9.3.2 Template assembly and disassembly support

The assembly and disassembly processes require complete knowledge about the bit positions of all
instruction fields and their encodings within each template that is selected. The hierarchical syntax
of the instruction format is completely captured in the | F-tree data structure as shown in Figure 6.
After bit-allocation, the exact bit positions allocated to each instruction field are annotated back
into the IF-tree. The various selector fields (e.g. template selector field, opgroup selector field,
opcode, etc.) also keep the exact encoding of each branch of the sub-tree that they select. All this

information is supplied to the mQS by the instruction format design process.
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The template manager uses the | F-tree not only to identify the instruction syntax and bit positions
of various fields, but also to keep track of the partial state of assembling or disassembling an in-
struction. This can be easily accomplished by keeping a pointer at each level of the IF-tree to
identify the sub-tree under which an instruction field is being assembled. This permits a hierar-
chical, iterative interface to be built to direct the template manager through the various steps of

assembly and disassembly.

Template assembly. The process of assembly proceeds as follows. First, the template manager
allocates a bitvector wide enough to encode the template chosen by the assembler and sets the
template selector field bits to indicate that choice. The choice of the template specifies the set of
operation groups encoded by it and the bit positions occupied by them by virtue of identifying
the template sub-tree within the IF-tree. Next, the assembler directs the template manager to
encode each operation of the current instruction one-by-one in the context of this sub-tree using

the interface shown above.

The encoding of an operation is initiated by the function assenbl e_op which identifies the
operation being assembled and sets the opgroup, opcode and the operation format selector field
bits. For this task, the template manager consults the opcode map which provides the set of all
opgroups that may encode the given opcode. From this set, the opgroup belonging to the current
templateisidentified by iterating over the children sub-trees of the current template. The operation
format corresponding to the opcode supplied at the time of template selection is used to identify
the operation format selection bits. Subsequent calls to assemble the various operands using the
interface functions shown above obtain their bit positions and encodings from the sel ected opgroup
and 10-set sub-tree of the IF-tree. Finally, the EOP bit and the multi-noop cycles are filled in as
needed and the finished string of bits representing the instruction are returned to the assembler by

using the function get _i nstructi on.

Template disassembly. The process of disassembly proceeds in the reverse manner of assem-

bly. First, the disassembler supplies a string of bits from the instruction stream of size equal to
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the maximum size instruction using the function set _i nst r uct i on. Theinstruction to be dis-
assembled is positioned left-justified in this string. The template manager decodes the template
select field and the EOP bit to identify the template and its size. The disassembler uses this in-
formation to determine the start of the next instruction as follows. If the EOP bit is set (function
di sassenbl e _ECP returnstrue) then the disassembler skips to the next packet boundary, other-
wiseit queriesthe size of the current template (function get _t enpl at e_si ze) to determinethe

start of the next instruction.

Next, the disassembler identifies the various operations encoded within the current instruction
using the function get _oper at i on_t upl e which returns a list of opcodes and their operation
formats encoded within the template. Thisinformation is determined by the template manager by
identifying the bit positions of the various selector fields and decoding their value using the IF-
tree. The disassembler then uses this list to disassemble each operation one-by-one by specifying
the opcode to the template manager using the function di sassenbl e_op and then querying its
operands in the order specified by the operation format previously identified for that operation.
Each such query returns the actual register number or literal value encoded within the operation.
The template manager disregards any extra bitsin the supplied string that are not decoded as part

of the current instruction.

9.3.3 Miscellaneous data structures

Aside from the above data, the template manager may keep some genera information about the
instruction format design such as the size of the instruction quantum and the size of the instruction
packet fetched from the instruction cache which may be used to decide whether to align an instruc-
tion to the packet boundary or not. Another piece of information isthe size of the longest template

which isthe number of bits that the disassembler must provide to the template manager to decode.
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10 External usesof theinstruction for mat

10.1 External file format

In order to decouple the assembler from instruction format design, the information contained
within the IF-tree is output to an external file at the end of the design process. Thisfile is then
read in by the mQS as shown pictorially in Figure 19. The file format uses the same database
language HMDES Version 2 [9] as used for specifying the archspec.

As an example, the external specification of the IF-tree for the processor specified in Appendix A
is shown in Appendix C. At present, we only emit the levels of the IF-tree that help in template
selection and code size estimation. Thisincludesfrom thetop of the I F-tree-instruction, instruction
templates, operation sots, opgroups and their opcodes. In addition, miscellaneous control fields
and select fields corresponding to the ANDOR-nodes are also emitted. Each template, slot or
opgroup identifies the number of bitsit takesto encode it. Thisis used to estimate the code size of
the assembled program as well as the benefit of adding new combinations of opgroups as custom

templates within the processor.

10.2 Syntax-directed instruction decoding table generation

The IF-tree data structure directly defines the decoding structure of an instruction and may be
used to automatically generate the instruction decode tables for a given datapath. These tables
directly express the relationship between the bits of the instruction register and the bits needed to
be supplied to the various control ports of the datapath.

In the PICO system, these decode tables are generated in theform of aPLA specification. However,
the actual control hardware may beimplementedusingaPLA, aROM, or direct random logic using

existing control logic optimization and synthesistools.

PICO generates the following two kinds of decode tables:
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Template decode table — The control logic in this table identifies the EOP bit and the width of
the current template by decoding the template selection field. This information is used by

the instruction pipeline control unit to identify the start of the next instruction in sequence.

Functional unit decode table — One decode table is generated per functional unit which repre-
sents the control logic responsible for identifying the operation to be issued to the given
functional unit within the current instruction. There can be at most one such operation in the
current instruction. If there is no operation in any operation slot of the current instruction

that is geared towards the given functional unit, then this logic issues a no-op to the unit.

For a recognized operation on a unit, this logic decodes the 10-set select fields in the in-
struction and generates control information for the operand multiplexors and demultiplexors
at the inputs and outputs of that functional unit, respectively. Thislogic is also responsible
for decoding any immediate literals encoded in the operation dlot that are to be used by the

functional unit.

As an example, the template decode table and shift unit decode table for the processor specified in

Appendix A are shown in Appendix D.

10.3 Architecture manual

Another module of the PICO system, the report generator, uses the current design of the processor
to generate an architectural report. This report documents, among other things, the instruction
format design including all the allowable instruction templates, their various operation slot and
opgroup combinations, the various instruction fields contained within each template and the bit
positions allocated to them. This information may be used for assembly-level programming and

code-generation.

As an example, the instruction format section of the architecture report of the processor specified

in Appendix A is shown in Appendix B. The first sub-section describes the number and overall



structure of each of the instruction templates in terms of the various opgroups. There are 8 tem-
plates in this example: the first (T0) is the minimal template which covers the full parallelism of
the machine as prescribed by the archspec. The remaining templates (T1-T7) are custom templates
based on the compilation of the jpeg application for this processor. Note that each operation slot
in the minimal template (TO) consists of a set of opgroups (super group) while that in the custom

templates point to a single opgroup.

The second sub-section identifies the unique operation formats applicable to each of the opgroups.
A table of operand choices and hit requirements is generated corresponding to each operation
format. Choices for an operand represent either connectionsto aregister file or immediate literals

and are preceded by selector field encodings.

The final sub-section identifies the exact bit allocation of fields within each opgroup for each
template that it occursin. For opgroups occurring under multiple templates, one may see the effect
of affinity allocation which attempts to assign the same, even if discontiguous, bit positions to the

various fields of the opgroups under those templates.

11 Conclusion

PICO-VLIW is an architecture synthesis system for automatically designing the architecture and
microarchitecture of VLIW and EPIC processors. It has been operational as a research prototype
since late 1997. Starting from an abstract specification of the instruction-set architecture, PICO-
VLIW automatically generates

e the concrete instruction-set architecture for the processor, including the opcode repertoire

and instruction format,

e the detailed microarchitecture consisting of the execution and instruction unit datapaths

along with a specification of the control tables for the latter, and

e amachine description (including the instruction format) for use by our retargetable compiler,

assembler and simulator.
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Our focus in this report has been on one aspect of PICO-VLIW, which is its ability to design
variable-width, multi-template instruction formats that minimize code size. By using such formats,
we are able to accommodate the widest instructions where necessary, while employing compact,
restricted instructions for much of the application program where the amount of parallelism is

i nsufficient.

In this report, we described the various steps involved in the instruction format design process
including the data structures and the algorithms used by PICO-VLIW during each step. The design
process is driven by an abstract | SA specification, the archspec, and a description of the processor
datapath. Thisisin contrast to traditional, manual design flows, in which the concrete ISA isthe
input specification from which the processor datapath is derived. PICO-VLIW uses the archspec
to automatically select a set of minimal instruction templates that are sufficient to exploit the full
ILP of the processor, along with a set of application-specific templates customized to the needs of
a given application. The system also generates the exact bit layout of the instruction templates,
optimizing them for reduced size as well as reduced controlpath complexity. Since the instruction
format is designed with the hardware rather than a human programmer in mind, it has the unusual
property that the instruction fields of an operation and, for that matter, the bits of an instruction

field need not be contiguous.

The class of instruction formats generated by PICO-VLIW incorporate a variety of techniques to
contain code size even for extremely wide-issue and deeply-pipelined processors. Custom tem-
plates reduce the code size for a given processor width, while the multi-noop capability reduces
code size by an amount proportional to the operation latency. In contrast, affinity allocation at-
tempts to trade-off some of the reduction in code size for reduced controlpath complexity arising
from custom templates. Likewise, judicious use of the EOP bit during assembly reduces the run-
time stall penalty for fetching branch target instructions with minor increase in code size. The
effectiveness of all these techniques has been measured in a recent study [17]. Using the above
techniques, the study reports the code size expansion relative to an abstract, sequential CISC pro-
cessor to be between 1.5x and 2.3x for a 4-issue VLIW processor and between 1.6x and 2.3x for

a 12-issue processor even with 3x the normal latencies. This increase is comparable to that for a
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RISC processor.

In this report, we also described the structure of a machine-description driven assembler for EPIC
and VLIW processors. Such an assembler is an essential part of a system for exploring the space
of processors and finding the good designs. The assembler iswritten with no in-built assumptions
regarding the instruction format of the processor. Instead, it uses a finite and well-defined set of
gueries to access the services of the mdes Query System, which is an active database that holds all
of the necessary information regarding the processor. Consequently, such an assembler concerns
itself only with the policies and heuristics for generating compact code (in addition, of course, to

the other, conventional tasks of an assembler).

We would like to thank Mike Schlansker for suggesting the use of multiple templates as a means
of compressing out no-ops from a canonical instruction format. We would also like to thank Scott
Mahlke for helping in the design and a preliminary implementation of the mQS interface for the

assembler.
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A Example Architecture Specification

$i nclude "VLIWfam | y. hmles2"

SECTI ON Regi st er

{
gpro(); gpri(); gpr2(); gpr3(); gpr4(); gpr5(); gpré(); gpr7(); gprs()
gpro(); ogpr10(); gprll(); gpri2(); gpri3(); gprl4(); gprl5(); gpri6()
gpri7(); gpri8(); oprl9(); gpr20(); gpr21(); gpr22(); gpr23(); gpr24()
gpr25(); opr26(); gpr27(); gpr28(); gpr29(); gpr30(); gpr31(); gpr32()
gpr33(): gpr34(); opr35(); gpr36(); gpr37(); gpr38(); gpr39(); gpr40()
gpr41(); oprd2(); gpr43(); gpr44(); gpr45(); gprd46(); gprd7(); gpr48()
gpr49(); gpr50(); gpr51(); gpr52(); gpr53(); gpr54(); gpr55(); gpr56()
gpr57(); opr58(); gpr59(); gpr60(); gpr61(); gpr62(); gpré3(); fpro()
fpri(); fpr2(); fpr3(); fpra(); fpr5(); fpré(); fpr7(); fprd(); fpro()
fpr10(); fprill(); fpri2(); fpri3(); fprl4(); fpris5(); fpri6(); fpri7()
fpri8(); fpr19(); fpr20(); fpr21(); fpr22(); fpr23(); fpr24(); fpr25()
fpr26(); fpr27(); fpr28(); fpr29(); fpr30(); fpr31(); fpr32(); fpr33()
fpr34(); fpr35(); fpr36(); fpr37(); fpr38(); fpr39(); fprao(); fpral()
fpra2(); fpra3(); fprdd(); fpras(); fpra6(); fpra7(); fpras(); fprao()
fpr50(); fpr51(); fpr52(); fprd3(); fpr54(); fpr55(); fpr56(); fprs7()
fpr58(); fpr59(); fpreo(); fprél(); fpr62(); fpré3(); pro(); pri(); pr2()
pr3(); pra(); pr5(); pr6(); pr7(); pr8(); pro(); prio(); prli(); pri2()
pri3(); pr14(); pri5(); pri6(); pri7(); pri18(); pri19(); pr20(); pr21()
pr22(); pr23(); pr24(); pr25(); pr26(); pr27(); pr28(); pr29(); pr30()
pr31(); pr32(); pr33(); pr34(); pr35(); pr36(); pr37(); pr38(); pr39()
pr4o(); prdl(); pr42(); pr43(); prd4(); pras5(); prd6(); pr4a7(); pras()
pras(); pr50(); pr51(); pr52(); pr53(); pr54(); pr55(); pr56(); pr57()
pr58(); pr59(); pr60(); prél(); pr62(); pr63(); cro(); cri(); cr2(); cr3();
cr4(); cr5(); cr6(); cr7(); btro(); btri(); btr2(); btr3(); btr4(); btr5()
btré(); btr7(); btr8(); btr9o(); btr10(); btr1l(); btri2(); btr13(); btr14()
btr15()
}
SECTI ON Regi ster_File
{
gpr (wi dt h(32)
static(gprO gprl gpr2 gpr3 gpr4 gpr5 gpr6 gpr7 gpr8 gpr9
gpr 10 gpr 11 gpr12 gpr13 gpr14 gprl5 gprl6 gprl7
gpr18 gpr19 gpr20 gpr21 gpr22 gpr23 gpr24 gpr25
gpr26 gpr27 gpr28 gpr29 gpr30 gpr31 gpr32 gpr33
gpr 34 gpr35 gpr36 gpr37 gpr38 gpr39 gpr40 gpr4l
gpr42 gpr43 gpr44 gprd5 gpr46 gpr47 gpr48 gpr49
gpr50 gpr51 gpr52 gpr53 gpr54 gpr55 gpr56 gpr57
gpr 58 gpr59 gpr60 gpr61 gpr62 gpr63)
specul ati ve(0)
virtual ("I"));
fpr (wi dt h(64)
static(fprO fprl fpr2 fpr3 fpr4 fpr5 fpr6 fpr7 fpr8 fpr9
fpr10 fpr1l fprl2 fprl3 fprl4 fprl5 fprl6 fprl7
fpr18 fpr19 fpr20 fpr21 fpr22 fpr23 fpr24 fpr25
fpr26 fpr27 fpr28 fpr29 fpr30 fpr31 fpr32 fpr33
fpr34 fpr35 fpr36 fpr37 fpr38 fpr39 fpr40 fpr4l
fprd2 fprd3 fprdd fprd5 fprd6 fprd7 fpra8 fpra9
fpr50 fpr51 fpr52 fpr53 fpr54 fpr55 fpr56 fpr57
fpr58 fpr59 fpr60 fpr6l fpr62 fpr63)
specul ati ve(0)
virtual ("F"));
pr (width(1)

static(prO prl pr2 pr3 pr4 pr5 pr6 pr7 pr8 pr9 pr10 prill
pr12 pri13 prl4 prl5 prl6 prl7 prl8 pr19 pr20 pr21
pr22 pr23 pr24 pr25 pr26 pr27 pr28 pr29 pr30 pr31l
pr32 pr33 pr34 pr35 pr36 pr37 pr38 pr39 pr40 pr4l
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pr42 pr43 pr44 prd5 prd6 pra7 prd8 pr49 pr50 pr51
pr52 pr53 pr54 pr55 pr56 pr57 pr58 pr59 pr60 pr6l
pr62 pr63)
specul ati ve(0)
virtual ("P"));
cr (wi dt h(32)
static(cr0 crl cr2 cr3 cr4 cr5 cr6 cr7)
specul ati ve(0)
virtual ("C"));
btr (wi dt h(64)
static(btrO btrl btr2 btr3 btr4 btr5 btr6 btr7 btr8 btr9
btr10 btr1l1l btr12 btr13 btr14 btr15)
specul ati ve(0)
virtual ("B"));
s (wi dt h(6)
virtual ("L")
i ntrange(-32 31));
m (wi dth(9)
virtual ("L")
i ntrange(-256 255));
n (wi dt h(32)
virtual ("L")
i ntrange(-2147483648 2147483647));
o] (wi dth(17)
virtual ("L")
i ntrange(-65536 65535));
U (wi dt h(0)
virtual ("U"));
}

SECTI ON VLI W RF_Map

(vrf(*t™ "F* "p* "C" "B" "L" "U")
prf("gpr" "fpr" "pr" "cr" "btr" "s" "U"));
_____ (;rf(“l“ "Fo"pt o"Ct "B "L" "U")
prf("gpr" "fpr" "pr" "cr" "btr" "m "U"));
_____ (;rf(“l“ "Fo"pt o"Ct "B "L" "U")
prf("gpr" "fpr* "pr" "cr" "btr" "n" "U"));
_____ (Vrf("l" "Fo"pto"Ct "B "L" "U")
prf("gpr" "fpr" "pr" "cr" "btr" "o" "U"));

SECTI ON VLI W Oper ati on_G  oup

VOG 079c4i 0 (opset ("EOCS_brcond_branch")
src_rfmap(RFMap_i _f_p_c_a_s)

dest _rfmap(RFMap_i _f_p_c_a_s)
| at ency(OL_branch)
resv(RT_VOG 079c4i 0)
alt_priority(0));

VOG_080c4i 0 (opset ("EOCS_brlink_branch")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
I at ency(OL_branch)
resv( RT_VOG 080c4i 0)
alt_priority(0));

VOG _078c4i 0 (opset ("EOCS_brucond_branch")
src_rfmap(RFMap_i _f_p_c_a_s)

dest _rfmap(RFMap_i _f_p_c_a s)

| at ency(OL_branch)
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VOG 022¢1i 0

VOG_038¢2i 0

VOG 037¢2i 0

VOG 034¢2i 0

VOG 031c2i 0

VOG 027¢2i 0

VOG_028¢2i 0

VOG_056¢3i 0

VOG 062¢3i 0

VOG olcli 0

VOG olclil

resv(RT_VOG 078c4i 0)
alt_priority(0));

(opset ("EOS_btr_literal _noves")
src_rfmap(RFMap_i _f_p_c_a_n)
dest _rfmap(RFMap_i _f_p_c_a n)
| atency(OL_int)
resv(RT_VOG 022cli 0)
alt_priority(1));

(opset ("EOCS_convff _float")
src_rfmap(RFMap_i _f_p_c_a_s)

dest _rfmap(RFMap_i _f_p_c_a_s)
I atency(OL_fl oat)

resv(RT_VOG 038c2i 0)
alt_priority(0));

(opset ("ECS_convfi _D float")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a s)
| atency(OL_f Il oat)
resv(RT_VOG 037c2i 0)
alt_priority(0));

(opset ("ECS_convif_S float")

I atency(OL_fl oat)

resv(RT_VOG 034c2i 0)
alt_priority(0));
(opset ("EOCS_floatarith2_D float")
src_rfmap(RFMap_i _f_p_c_a_s)

dest _rfmap(RFMap_i _f_p_c_a_s)
I atency(OL_fl oat)

resv( RT_VOG 031c2i 0)
alt_priority(0));

(opset ("ECS floatarith2_S floatdiv")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
| atency(OL_f I oat di v)
resv(RT_VOG 027c2i 0)
alt_priority(0));

(opset ("EOS_floatarith2_S fl oat npy")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
I at ency(OL_f | oat npy)
resv(RT_VOG 028c2i 0)
alt_priority(0));

(opset ("EOCS_f | oat | oad_| oad1")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
| atency(O__| oadl)
resv( RT_VOG 056¢3i 0)
alt_priority(0));

(opset ("ECS_fl oatstore_store")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
| atency(OL_store)
resv(RT_VOG 062c3i 0)
alt_priority(0));

(opset ("EOS_intarith2_int")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
I atency(OL_int)
resv(RT_VOG olcli 0)
alt_priority(1));

(opset ("EOS_intarith2_int")
src_rfmap(RFMap_i _f_p_c_a_s)
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VOG_03cli 0

VOG 04cli 0

VOG 02¢1i 0

VOG o2clil

VOG 018c1i 0

VOG 052¢3i 0

VOG 05cli 0

VOG_060c¢3i 0

VOG_o06¢1i 0

VOG 021cli 0

dest _rfmap(RFMap_i _f_p_c_a_s)
| atency(OL_int)
resv(RT_VOG olcli 1)
alt_priority(1));

(opset ("ECS_intarith2_intdiv")
src_rfmap(RFMap_i _f_p_c_a_s)

dest _rfmap(RFMap_i _f_p_c_a_s)
latency(OL_intdiv)

resv( RT_VOG_ o03c1i 0)
alt_priority(1));

(opset ("EOCS_intarith2_i ntnpy")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)

I at ency(OL_i nt npy)
resv( RT_VOG o4cli 0)
alt_priority(1));

(opset ("ECS_intarith2_intshift")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
| atency(OL_int)
resv( RT_VOG o2cli 0)
alt_priority(1));

(opset ("EOS_intarith2_intshift")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)

I atency(OL_int)
resv(RT_VOG o2cli 1)
alt_priority(1));

(opset ("EOCS_i nt cnpp_uncond")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
| at ency(OL_i nt crpp)
resv(RT_VOG 018cli 0)
alt_priority(1));

(opset ("EOS_i ntl oad_| oadl")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)

I at ency(O__I oadl)
resv(RT_VOG 052c3i 0)
alt_priority(0));

(opset ("EOS_i ntsext _int")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)

I atency(OL_int)
resv( RT_VOG_ o5c1i 0)
alt_priority(1));

(opset ("ECS_intstore_store")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
| atency(OL_store)
resv( RT_VOG 060c3i 0)
alt_priority(0));

(opset ("ECS_noveii_int"
src_rfmap(RFMap_i _f_p
dest _rfmap(RFMap_i _f_p_c_a_s)
I atency(OL_int)
resv( RT_VOG_ o6c1i 0)
alt_priority(1));

(opset ("EOCS_pbr_int")
src_rfmap(RFMap_i _f_p_c_a_s)
dest _rfmap(RFMap_i _f_p_c_a_s)
| atency(OL_int)
resv(RT_VOG 021cli 0)

alt_priority(1));
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}

SECTI ON VLI W Excl usi on_Group
{

VEG RES_FU_4_0( opgroups(VOG 079c4i 0 VOG 080c4i 0 VOG 078c4i 0));
VEG _RES_FU 1_0( opgroups(VOG 022c1li 0 VOG o0lcli 0 VOG 03cli 0 VOG 04cli0
VOG 02c¢1i 0 VOG 018cli 0 VOG 05cli 0 VOG 06cli 0

VOG 021c¢1i 0));

VEG _RES_FU 2_0( opgroups(VOG 038c2i 0 VOG 037c¢2i 0 VOG 034c2i 0 VOG 031c2i 0

VOG 027c¢2i 0 VOG 028c2i 0));

VEG_RES_FU_3_0( opgroups(VOG 056¢3i 0 VOG 062c3i 0 VOG 052c3i 0 VOG 060c3i 0));

VEG RES_FU_1_1(opgroups(VOG olclil VOG o02clil));
}

SECTI ON Architecture_Fl ag
OPTI ONAL i ntval ue(I NT);
OPTI ONAL doubl eval ue( DOUBLE) ;
OPTI ONAL stringval ue( STRI NG ;

predi cati on_hw(i ntval ue(0));
specul ati on_hw(i ntval ue(0));
systolic_hw (intvalue(0));
t echnol ogy_scal e(doubl eval ue(0. 25));

B Instruction Format Design

VOG_038c2i0
VOG_037¢2i0
VOG_034c2i0
VOG_031c2i0
VOG_027¢c2i0
VOG_028c2i0

VOG. 056¢3i0
VOG. 062c3i0
VOG. 052c3i0
VOG.060c3i0

VOG olclil
VOG o2clil

T1<0---2> [ VOG.0Icli0 | VOG.052c3i0 |

B.1 Instruction Issue Templates

EOP< 3> TO0<O0---2> [ VOG.079c4i0 | VOG.022c1i0
VOG_080c4i0 | VOG.olcli0
VOG_078c4i0 | VOG_03cli0
VOG_04cli0
VOG_02cli0
VOG_018cli0
VOG_05cli0
VOG_06¢li0
VOG_021cli0

EOP< 3 >

EOP< 3 >

EOP< 3 >

EOP< 3 >

EOP< 3 >

T2<0---2> [ VOG_0Icli0 | VOG.060c3i0 |
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T3< 0---2> | VOG.0lcli0

T4<0---2> | VOG_021cli0

T5< 0---2 > | VOG_06cli0




EOP< 3> T6<0---2> | VOG_018cli0
EOP< 3> T7<0---2> | VOG_0o2cli0

B.2 Operation Formatsfor Operation Sets

Opset: EOS_brcond_branch

SRC1 | SRC2
4 bits | 6 bits
btr pr

Opset: EOS_brlink_branch

SRC1 | DEST1
4 bits 4 hits
btr btr

Opset: EOS_brucond_branch

SRC1
4 hits
btr

Opset: EOS_btr_literal_moves

SRC1 DEST1
32 bits 4 bits
n btr

Opset: EOS.intarith2.int

SRC1 SRC2 DEST1
6 bits 6 hits 6 bits
00 gpr | 00 gor | O gpr
o1 cr | 01 cr | 1 cr
10 s | 10 S

Opset: EOS.intarith2 intdiv

SRC1 SRC2 DEST1
6 bits 6 bits 6 bits
00 gpr | 00 gor | O gpr
01 c | 01 c |1 cr
10 s | 10 S
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Opset: EOS.intarith2intmpy

SRC1 SRC2 DEST1
6 bits 6 bits 6 bits
00 gpr | 00 gor | O gpr
o1 cr | 01 cr | 1 cr
10 s | 10 S

Opset: EOS.intarith2 intshift

SRC1 SRC2 DEST1
6 bits 6 bits 6 bits
00 gpr | 00 gor | O gpr
01 c | 01 c |1 cr
10 s | 10 S

Opset: EOS.intcmpp_uncond

SRC1 SRC2 DEST1

6 bits 6 bits 6 bits

0 gor | O gpr pr
1 s| 1 S

Opset: EOS.intsext_int

SRC1 | DEST1
6 bits 6 bits
gpr gpr

Opset: EOS_moveii_int

SRC1 DEST1
6 bits 6 bits
00 gpr | 00 gpr
01 c | 01 cr
10 btr | 10 btr
11 s

Opset: EOS pbr_int
SRC1 SRC2 | DEST1

6 bits | 6bits 4 bits
00 gpr S btr
01 btr
10 5

Opset: EOS_convff_float

SRC1 | DEST1
6 bits 6 bits
fpr fpr




Opset: EOS_convfi_D_float

SRCI1 [ DEST1
6bits | 6hbits
fpr gpr

Opset: EOS_convif_S float

SRC1 | DEST1
6 bits 6 bits
gpr fpr

Opset: EOS_floatarith2.D_float

SRC1 | SRC2 | DEST1
6 bits | 6 bits 6 hits
fpr fpr fpr

Opset: EOS_floatarith2_S floatdiv

SRC1 | SRC2 | DEST1
6 bits | 6 bits 6 hits

fpr fpr fpr

Opset: EOS_floatarith2_S floatmpy

SRC1 | SRC2 | DEST1
6 bits | 6 bits 6 hits

fpr fpr fpr

Opset: EOS_floatload_loadl

SRC1 | DEST1
6 bits 6 bits
gpr fpr

Opset: EOS_floatstore store

SRC1 | SRC2
6 bits | 6 bits
apr fpr

Opset: EOS.intload_load1
SRC1 DEST1

6 bits 6 bits
gpr | 00 gpr
o1 cr

10 btr




Opset: EOS.intstore_store
SRC1 SRC2
6 hits 6 hits
gpr | 00 gpr
01 cr
10 btr
11 S

VOG_079c4i0 : (Opset: EOS brcond-branch)

10 descriptor: pr ? btr, pr:
Template | OPCODE SRC1 SRC2
TO < 31> < 32,33 >< 40,41 > | < 48---53 >

VOG_080c4i0 : (Opset: EOS brlink_branch)

10 descriptor: pr ? btr : btr
Template SRC1 DEST1
TO <32,33 ><40,41 > | <31 ><48---50 >

VOG_078c4i0 : (Opset: EOS brucond_branch)

10 descriptor: pr ? btr :
Template | OPCODE SRC1
TO <31 > < 32,33 >< 40,41 >

VOG_022c1i0 : (Opset: EOS btr_literal-moves)

Instruction Formatsfor Operation Groups

10 descriptor: pr?n: btr
Template | OPCODE SRC1 DEST1
TO <4,5> | <6---13><18---22><24---29 ><58---70 > | <14---17 >
VOG_01cli0 : (Opset: EOS.intarith2.int)
10 descriptor: pr? gpr crs, gpr crs: gprcr
Template OPCODE SRC1 SRC2 DEST1
TO <22><24---27T> | <28,29><6---11> | <58,59><4,5><12,13><20,21 > | <60><14---19 >
T1 <22><24--:27T> | 28,29 ><6---11 > | <58,59 >< 4,5 >< 12,13 ><20,21> | <60><14---19 >
T2 <22><24---27T> | <28,29><6---11> | <58,59><4,5><12,13><20,21 > | <60><14---19 >
T3 <22><24--:27T> | 28,29 ><6---11 > | <58,59 >< 4,5 >< 12,13 ><20,21> | <60><14---19 >
VOG_03cli0 : (Opset: EOS.intarith2 intdiv)
10 descriptor: pr? gpr crs, gpr crs: gprcr
Template OPCODE SRC1 SRC2 DEST1
TO <22><K24> | <2526 ><6---11> | <27,28 ><4,5 ><12,13 ><20,21 > | <29><14---19 >
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VOG_04cli0 : (Opset: EOS.intarith2.intmpy)
10 descriptor: pr? gpr crs, gpr crs: gprcr
Template | OPCODE SRC1 SRC2 DEST1
TO0 < 22> < 24,25 ><6---11 > | <26,27 >< 4,56 >< 12,13 ><20,21 > | <28 ><14---19 >

VOG_02cli0 : (Opset: EOS.intarith2 intshift)
10 descriptor: pr? gprcrs, gpr crs: gprcr

Template OPCODE SRC1 SRC2 DEST1
TO <2><24> | <2526 ><6---11> | <27,28 >< 4,5 >< 12,13 >< 20,21 > | <29 >< 14---19 >
T7 <22><24> | <25,26><6---11> | <27,28><4,5><12,13><20,21> | <29><14---19 >

VOG_018cli0 : (Opset: EOS intcmpp-uncond)
10 descriptor: pr? gprs, gprs: pr, pr

Template | OPCODE SRC1 SRC2 DEST1
TO <14---19> | <22><6---11> | <B8>< 45 >< 12,13 >< 20,21 > | < 24---29 >
T6 <14---19> | <22><6---11> | <B58><4,5><12,13><20,21 > | <24---29 >

VOG_05cli0 : (Opset: EOS.intsext_int)

10 descriptor: pr ? gpr: gpr
Template | OPCODE SRC1 DEST1
TO <4> <6---11> | <14.--19 >

VOG_06¢li0 : (Opset: EOS. moveii_int)
10 descriptor: pr ? gpr cr btr s: gpr cr btr

Template SRC1 DEST1
TO <4,5><6---11> | <12,13>< 14---19 >
T5 <4,5><6---11> | <12,13>< 14---19 >

VOG_021cli0 : (Opset: EOS pbr_int)
10 descriptor: pr ? gpr btr s, s: btr

Template | OPCODE SRC1 SRC2 DEST1
TO <4> <H><C12><6---11 > | <13><18--:22> | <14.--17 >
T4 <4> <H5>C12><6---11 > | <13><18--:22> | <14---17 >

VOG_038c2i0 : (Opset: EOS convff_float)

10 descriptor: pr ? fpr : fpr
Template | OPCODE SRC1 DEST1
TO <74 > <76---81> | <82.-.87>

VOG_037¢c2i0 : (Opset: EOS convfi_D_float)
10 descriptor: pr ? fpr: gpr
Template SRC1 DEST1
TO <T76---81> | <74,75><82---85>
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VOG_034c2i0 : (Opset: EOS convif_S float)

10 descriptor: pr ? gpr : fpr

Template

SRC1

DEST1

TO

<74---79 >

< 82.--87>

VOG_031c2i0 : (Opset: EOS floatarith2.D_float)
10 descriptor: pr ? fpr, fpr: fpr

Template | OPCODE SRC1 SRC2 DEST1

TO < 74,75 > | <76---81> | <88---93> | <82.--87 >
VOG_027¢c2i0 : (Opset: EOS floatarith2 S floatdiv)
10 descriptor: pr ? fpr, fpr: fpr

Template SRC1 SRC2 DEST1

TO <76---81> | <88---93> | <82---87>
VOG_028c2i0 : (Opset: EOS floatarith2. S floatmpy)
10 descriptor: pr ? fpr, fpr: fpr

Template SRC1 SRC2 DEST1

TO <76---81> | <88---93> | <82---87>
VOG_056¢3i0 : (Opset: EOS floatload-loadl)
10 descriptor: pr ? gpr : fpr

Template | OPCODE SRC1 DEST1

TO <42 > <34---39> | <4347 ><97 >
VOG_062c3i0 : (Opset: EOS floatstore store)
10 descriptor: pr ? gpr, fpr:

Template | OPCODE SRC1 SRC2

TO <42 > <34---39> | <4347 >< 97 >
VOG_052¢c3i0 : (Opset: EOS.intload-loadl)
10 descriptor: pr ? gpr : gpr cr btr

Template OPCODE SRC1 DEST1

TO <97,98> | <34---39> | <99,100 >< 42---47 >

T1 < 97,98 > | <34---39> | <99,100 >< 42---47 >
VOG_060c3i0 : (Opset: EOS.intstore store)
10 descriptor: pr ? gpr, gpr cr btrs:

Template | OPCODE SRC1 SRC2

TO <97,98> | <34---39> | <99,100 >< 42---47 >

T2 <97,98 > | <34---39> | <99,100 >< 42-.-47 >

VOG_olclil: (Opset: EOS.intarith2 int)
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10 descriptor: pr? gpr crs, gprcrs: gprcr

Template OPCODE SRC1 SRC2 DEST1

TO <103---107 > | < 108,109 >< 110---115> | < 116,117 >< 118---123 > | <124 >< 125---130 >

VOG_02clil: (Opset: EOS intarith2 intshift)
10 descriptor: pr? gpr crs, gprcrs: gprcr
Template OPCODE SRC1 SRC2 DEST1
TO < 103,104 > | < 105,106 >< 110---115 > | < 107,108 >< 116---123 > | <109 >< 125---130 >

C External Representation of Instruction Format

$i nclude "VLIWfam | y. hmles2"
SECTI ON | F_Opgr oups

{

VOG _079c4i 0 (ops(
BRCT. 0

BRCF. 0

));

VOG_080c4i 0 (ops(
BRL. 1

)

VOG 078c4i 0 (ops(
BRU. 2

RTS. 2

));

VOG _022c1i 0 (ops(
MOVELB. 3

MOVELBX. 3
MOVELBS. 3

));

VOG_038c2i 0 (ops(
CONVSD. 4

CONVDS. 4

));

VOG _037c2i 0 (ops(
CONVDW 5

))s

VOG_034c2i 0 (ops(
CONVWB. 6

)

VOG 031c2i 0 (ops(
FADD _D. 7

FMAX_D. 7

FM N_D. 7

FSUB_D. 7

)

VOG 027c2i 0 (ops(
FDI V_S. 8

)

VOG 028c2i 0 (ops(
FMPY_S. 9

)

VOG_056¢3i 0 (ops(
FL_S C1_C1.10
FL_D C1_C1.10

)

VOG 062c¢3i 0 (ops(
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FS S C1.11
FS D Cl1.11

)

VOG 01cli 0 (ops(
ADD W 12

ADDL_W 12
SHIADDL_W 12
SH2ADDL_W 12
SH3ADDL_W 12
AND_W 12
ANDCM W 12
NAND W 12

NOR_W 12

OR W12

ORCM W 12

SUB_W 12

SUBL_W 12

XOR_ W12
XORCM W 12

M N W12

MAX_W 12

)

VOG olcli 1 (ops(
ADD W 13

ADDL_W 13
SH1IADDL_W 13
SH2ADDL_W 13
SH3ADDL_W 13
AND_W 13
ANDCM W 13
NAND W 13

NOR_W 13

OR_ W13

ORCM W 13

SUB_W 13

SUBL_W 13

XOR_W 13
XORCM W 13

M N W13

MAX_W 13

)

VOG 03cli 0 (ops(
DIV_W14

DI VL_W 14

REM W 14

REML_W 14

)

VOG_04cli 0 (ops(
MPY_W 15

MPYL_W 15

)

VOG 02cli 0 (ops(
SHL_W 16

SHR W 16

SHLA W 16
SHRA W 16

)

VOG o02cli 1 (ops(
SHL_W 17

SHR W 17

SHLA W 17
SHRA W 17

)

VOG 018c1i 0 (ops(
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CVPP_W FALSE UN_UN. 18
CVPP_W FALSE UN_UC. 18
CVPP_W FALSE UC _UN. 18
CVPP_W FALSE UC UC. 18
CVMPP_W TRUE_UN_UN. 18
CVMPP_W TRUE_UN_UC. 18
. 18
CNPP WTRUE UC UC. 18
CVMPP_W EQ UN_UN. 18
CVMPP_W EQ UN_UC. 18
CVMPP_W EQ UC UN. 18
CVPP_W EQ UC UC. 18
CVMPP_W NEQ UN_UN. 18
CVPP_W NEQ UN_UC. 18
CVPP_W NEQ UC UN. 18
CMPP_W NEQ UC _UC. 18
CVMPP_W LT_UN_UN. 18
CVMPP_W LT_UN_UC. 18
CVMPP_WLT_UC UN. 18
CVMPP_WLT_UC _UC. 18
CVPP_W LLT_UN_UN. 18
CVMPP_W LLT_UN_UC. 18
CVMPP_W LLT_UC_UN. 18
CWPP_WLLT_UC UC. 18
CVMPP_W LEQ UN_UN. 18
CVPP_W LEQ UN_UC. 18
CVMPP_W LEQ UC _UN. 18
CVPP_W LEQ UC _UC. 18
CVMPP_W LLEQ UN_UN. 18
CVPP_W LLEQ UN_UC. 18
CVMPP_W LLEQ UC UN. 18
CVMPP_W LLEQ UC UC. 18
CMPP_W GT_UN_UN. 18
CMPP_W GT_UN_UC. 18
CMPP_W GT_UC _UN. 18
CVMPP_W GT_UC _UC. 18
CVPP_W LGT_UN_UN. 18
CVPP_W LGT_UN_UC. 18
CVMPP_W LGT_UC_UN. 18
CVWPP_W LGT_UC _UC. 18
CVMPP_W GEQ UN_UN. 18
CVPP_W GEQ UN_UC. 18
CVMPP_W GEQ UC _UN. 18
CVPP_W GEQ UC _UC. 18
CMPP_W LGEQ UN_UN. 18
CMPP_W LGEQ UN_UC. 18
CVPP_W LGEQ UC UN. 18
CMPP_W LGEQ UC _UC. 18
)
VOG_052c3i 0 (ops(
L B Cl Cl1.19
L HC1 C1.19
L WC1_C1.19
)
VOG _05c1i 0 (ops(
EXTS_B. 20
EXTS_H. 20
)
VOG _060c3i 0 (ops(
S BCl21
S HCL 21
S WCL. 21
)
VOG _06c¢cli 0 (ops(
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MOVE. 22
)

VOG 021cli 0 (ops(

PBRR. 23
PBRA. 23

));

}
SECTI ON | nstructi on_For mat

{

tenpl ate_i d(size(3) type(lF_LEAF) ki nd(lF_CTRL_PORT));
eop_0 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));
mul tinop_0 (size(29) type(lF_LEAF) kind(lIF_CTRL_PORT));

opgsel ect _0_0 (size(2) type(lF_LEAF) kind(lF_CTRL_PORT));

opg_0_0_0 (size(11) type(lF_LEAF) Kind(lIF_OP_CGROUP) info(VOG 079c4i0));
opg_0 0_1 (size(8) type(lF_LEAF) kind(lIF_OP_GROUP) i nfo(VOG 080c4i0));
opg_0_0_2 (size(5) type(lF_LEAF) kind(lIF_OP_GROUP) info(VOG 078c4i0));

slot_0_0
opg_0_0_0
opg_0_0_1
opg_0_0_2
));

opgsel ect
opg_0_1_0 (si
opg 0 1 1 (si
opg_0_1_2 (si
opg_0 1 3 (si
opg_0_1_4 (si
opg_ 0 1 5 (si
opg_0_1_6 (si
opg 0 1 7 (si
opg_0_1 8 (si
slot_0_1
opg_0_1 0
opg_0_1_1
opg_0_1 2
opg_0_1_3
opg_0_1 4
opg_0_1 5
opg_0_1_6
opg_0_1 7
opg_0_1_8

)

ze(38)
ze(28)
ze(25)
ze(24)
ze(25)
ze(26)
ze(13)
ze(16)
ze(19)

type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)

(size(42) type(lF_ANDOR)

ki
ki
ki
ki
ki
ki
ki
ki
ki
ki

nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_TMPL_ELEM

(size(13) type(l F_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_0_0) or(

_0_1 (size(4) type(lF_LEAF) kind(lF_CTRL PO?T))

nf o( VOG_022cli 0));
nfo(VOG olcli 0));

nf o( VOG_03cli0));

nf o( VOG_04cli0));

nf o( VOG_o02cli 0));

nf o( VOG 018c1i 0));

nf o( VOG_o05c1i 0));

nf o( VOG_06cli 0));

nf o(VOG_ 021cli 0));

orsel (opgsel ect _0_1) or(

opgsel ect _0_2 (size(3) type(lF_LEAF) kind(lF_CTRL_PORT));

opg_0 2 0 (si
opg_0_2_1 (si
opg_0_2_2 (si
opg_0 2 3 (si
opg_0_2_4 (si
opg_0 2 5 (si
sl ot _0_2
opg_0_2 0
opg_0_2_1
opg_0_2_2
opg_0_2_3
opg_0_2_4
opg_0_2 5

));

ze(13)
ze(12)
ze(12)
ze(20)
ze(18)
ze(18)

type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)
type(| F_LEAF)

(size(23) type(lF_ANDOR)

Ki
Ki
Ki
Ki
Ki
Ki
Ki

nd(| F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_OP_GROUP)
nd(1 F_TMPL_ELEM

nf o( VOG_038c2i 0));
nf o( VOG_037c2i 0));
nf o( VOG_034c2i 0));
nf o( VOG_031c2i 0));
nf o( VOG_027c2i 0));
nf o( VOG_028c2i 0));
orsel (opgsel ect _0_2) or(

opgsel ect _0_3 (size(3) type(lF_LEAF) kind(!lF_CTRL_PORT));
opg_0_3_0 (size(13) type(lF_LEAF)
opg_0 3 1 (size(1l3) type(lF_LEAF)
opg_0_3_2 (size(1l6) type(lF_LEAF)
opg_0_3_3 (size(1l6) type(lF_LEAF)
slot_0_3 (size(19) type(lF_ANDOR)

opg6§0

ki nd(1 F_OP_GROUP) i nfo(VOG_056¢3i0));
ki nd(1 F_OP_GROUP) i nfo(VOG 062c3i0));
ki nd(1 F_OP_GROUP) i nfo(VOG_ 052c3i0));
ki nd(1 F_OP_GROUP) i nfo(VOG_060c3i0));
ki nd(1 F_TMPL_ELEM orsel (opgsel ect_0_3) or(
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)

opgsel ect _0_4 (size(2) type(lF_LEAF) kind(!F_CTRL_PORT));

opg_0_4_0 (size(28) type(lF_LEAF) kind(IF_OP_CGROUP) info(VOG olclil));
opg_0 4 1 (size(27) type(lF_LEAF) kind(lF_OP_GROUP) info(VOG o2clil));
slot_0_4 (size(30) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_0_4) or(

o
=]
I(Q
| ol
A
o

)

tenplate_0 (size(160) type(lF_AND) ki nd(lF_TEMPLATE) and(

eop_0

mul tinop_0O

slot_0_0

slot_0_1

slot_0_2

slot_0_3

slot_0_4

)

eop_1 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));

mul tinop_1 (size(14) type(lF_LEAF) kind(lIF_CTRL_PORT));

opgsel ect _1_0 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));

opg_1 0_0 (size(28) type(lF_LEAF) kind(IF_OP_GROUP) info(VOG olcli0));
slot_1_0 (size(29) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgselect_1_0) or(
opg_1 00

)

opgselect _1 1 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));

opg_1_1 0 (size(16) type(lF_LEAF) kind(lF_OP_GROUP) info(VOG 052c3i0));
slot_1 1 (size(17) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgselect_1 1) or(
opg_110

)

tenplate_1 (size(64) type(lF_AND) ki nd(!F_TEMPLATE) and(

eop_1

mul tinop_1

slot_1 0

slot_1_1

)

eop_2 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));

mul tinop_2 (size(14) type(lF_LEAF) kind(IF_CTRL_PORT));

opgsel ect _2_0 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));

opg_2_0_0 (size(28) type(lF_LEAF) kind(IF_OP_GROUP) info(VOG olcli0));
slot_2_0 (size(29) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_2_0) or(
opg_2_0_0

)

opgsel ect _2_1 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));

opg_2_1_0 (size(16) type(lF_LEAF) Kkind(lIF_OP_CGROUP) info(VOG 060c3i0));
slot_2_1 (size(17) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgselect_2_1) or(
opg_2_1.0

)

tenplate_2 (size(64) type(lF_AND) ki nd(!F_TEMPLATE) and(

eop_2

mul ti nop_2

slot_2 0

slot_2 1

));

eop_3 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));

mul tinop_3 (size(31) type(lF_LEAF) kind(IF_CTRL_PORT));

opgsel ect _3_0 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));

opg_3_0_0 (size(28) type(lF_LEAF) kind(IF_OP_GROUP) info(VOG olcli0));
slot_3_0 (size(29) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_3_0) or(
opg_3_0_0

));

tenmpl ate_3 (size(64) type(lF_AND) kind(lF_TEMPLATE) and(
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eop_3
mul tinop_3
slot_3 0
)
eop_4 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));
mul tinop_4 (size(8) type(lF_LEAF) kind(lIF_CTRL_PORT));
opgsel ect _4 0 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));
opg_4 0_0 (size(19) type(lF_LEAF) kind(lF_OP_GROUP) info(VOG 021cli0));
slot_4_0 (size(20) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_4_0) or(
opg_4.0_0
)
tenpl ate_4 (size(32) type(lF_AND) ki nd(!F_TEMPLATE) and(
eop_4
mul tinop_4
slot_4 0
)
eop_5 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));
mul tinop_5 (size(11) type(lF_LEAF) kind(lIF_CTRL_PORT));
opgsel ect _5 0 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));
opg_5_0_0 (size(16) type(lF_LEAF) kind(lF_OP_CGROUP) info(VOG o6cliO0));
slot_5 0 (size(17) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_5 0) or(
opg_5_0_0
)
tenplate_5 (size(32) type(lF_AND) ki nd(!F_TEMPLATE) and(
eop_5
mul tinop_5
slot_5 0
)
eop_6 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));
mul tinop_6 (size(l) type(lF_LEAF) kind(IF_CTRL_PORT));
opgsel ect _6_0 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));
opg_6_0_0 (size(26) type(lF_LEAF) kind(lF_OP_GROUP) info(VOG 018c1i0));
slot_6_0 (size(27) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_6_0) or(
opg_6_0_0
)
tenpl ate_6 (size(32) type(lF_AND) kind(lF_TEMPLATE) and(
eop_6
mul ti nop_6
slot_6_0
))s
eop_7 (size(l) type(lF_LEAF) kind(lF_CTRL_PORT));
mul tinop_7 (size(2) type(lF_LEAF) kind(lIF_CTRL_PORT));
opgsel ect _7_0 (size(1l) type(lF_LEAF) kind(lF_CTRL_PORT));
opg_7_0_0 (size(25) type(lF_LEAF) kind(IF_OP_GROUP) info(VOG 02cli0));
slot_7_0 (size(26) type(lF_ANDOR) kind(IF_TMPL_ELEM orsel (opgsel ect_7_0) or(
opg_7_0_0
)
template_7 (size(32) type(lF_AND) kind(lF_TEMPLATE) and(
eop_7
mul tinop_7
slot_7_0
)
instruction(size(160) type(lF_ANDOR) ki nd(IF_I NSTN)
orsel (tenpl ate_id) andor(
tenpl ate_0O
tenplate_1
tenpl ate_2
tenpl ate_3
tenpl ate_4
tenpl ate_5
tenpl ate_6
tenpl ate_7
)
}
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D Instruction Decode Tables

D.1 Template decode table

.desi gn stdout _Decode_PLA
.type fr

.inputnanes i3
.out put names o0 ol 02 03

# ROOT : Node 0: | F_ANDOR ( STEERI NG Node 1) | F_NC_|I NSTN
# TEMPLATE STEERi0 i1 i2 : Node 1: IF_LEAF (ifld 8) IF_NC_CTRL_PORT | F_STEER W DTH( 3)

# TEMPLATE O : Node 2: IF_AND | F_NC TEMPLATE
# TEMPLATE W DTH : 5*32=160

# OUTPUT 00 ol o2

.fieldi0Oil1li2 o0 ol o2

000 101

# END OF PACKET BI T

# INPUT i3 : Node 3: |IF_LEAF (ifld 6) |IF_NC CTRL_PORT | F_STEER W DTH( 1)
# OUTPUT o0 : sequencer:sequencer_eop

.fieldi0Oili2i3 o0

0000 O

0001 1

# TEMPLATE 1 : Node 295: |F_AND | F_NC TEMPLATE

# TEMPLATE W DTH : 2*32=64
# OUTPUT 00 ol o2
.fieldi0Oili2 o0 ol 02
001 010

# END OF PACKET BI T

# INPUT i3 : Node 296: |IF_LEAF (ifld 0) | F_NC CTRL_PORT | F_STEER W DTH( 1)
# OQUTPUT o0 : sequencer:sequencer_eop

.fieldi0Oili2 i3 o0

0010 O

0011 1

# TEMPLATE 2 : Node 330: |F_AND | F_NC TEMPLATE

# TEMPLATE W DTH : 2*32=64
# OUTPUT 00 ol o2
.fieldi0Oil1li2 o0 ol o2
010 010

# END OF PACKET BI T

# INPUT i3 : Node 331: |F_LEAF (ifld 3) IF_NC CTRL_PORT | F_STEER W DTH( 1)
# OUTPUT o0 : sequencer:sequencer_eop

.fieldi0Oili2i3 o0

0100 O
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0101 1

# TEMPLATE 3 : Node 366: |F_AND | F_NC TEMPLATE
# TEMPLATE W DTH : 2*32=64

# OUTPUT 00 ol o2

.fieldi0Oili2 o0 ol o2

011 010

# END OF PACKET BIT

# INPUT i3 : Node 367: |F_LEAF (ifld 1) |F_NC CTRL_PORT | F_STEER

# OUTPUT o0 : sequencer:sequencer_eop
.fieldi0Oili2i3 o0

0110 O

0111 1

# TEMPLATE 4 : Node 389: |IF_AND | F_NC TEMPLATE
# TEMPLATE WDTH : 1*32=32

# QUTPUT 00 ol o2

.field i0ili2 o0 ol o2

100 001

# END OF PACKET BI T

# INPUT i3 : Node 390: |F_LEAF (ifld 7) | F_NC_CTRL_PORT | F_STEER

# OQUTPUT o0 : sequencer:sequencer_eop
.fieldi0Oili2 i3 o0

1000 O

1001 1

# TEMPLATE 5 : Node 405: |F_AND | F_NC TEMPLATE
# TEMPLATE W DTH : 1*32=32

# OUTPUT 00 ol o2

.fieldi0Oili2 o0 ol o2

101 001

# END OF PACKET BIT

# INPUT i3 : Node 406: |F_LEAF (ifld 2) |F_NC CTRL_PORT | F_STEER

# OUTPUT o0 : sequencer:sequencer_eop
.fieldi0Oili2i3 o0

1010 O

1011 1

# TEMPLATE 6 : Node 425: |F_AND | F_NC TEMPLATE
# TEMPLATE W DTH : 1*32=32

# QUTPUT 00 ol o2

.fieldi0ili2 o0 ol o2

110 001

# END OF PACKET BI T

# INPUT i3 : Node 426: |F_LEAF (ifld 4) | F_NC_CTRL_PORT | F_STEER

# OUTPUT o0 : sequencer:sequencer_eop
.fieldi0Oili2 i3 o0

1100 O

1101 1

# TEMPLATE 7 : Node 445: |F_AND | F_NC TEMPLATE
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# TEMPLATE W DTH : 1*32=32
# OUTPUT 00 ol o2
.fieldi0Oili2 o0 ol o2
111 001

# END OF PACKET BI T

# INPUT i3 : Node 446: |F_LEAF (ifld 5) |IF_NC_CTRL_PORT | F_STEER W DTH( 1)
# OUTPUT o0 : sequencer:sequencer_eop

.fieldi0Oili2i3 o0

1110 0

1111 1

D.2 Shift unit decodetable

.design stdout _PD i_shift_9 decode_PLA

.type fr

.inputnames i0 i1 i2i22i23 i24 125026 i27 i28 i29 i54 i55i56 i57
.out putnanes 00 ol 02 03 04 05 06 o7

ROOT : Node 0: | F_ANDOR ( STEERI NG Node 1) | F_NC_I NSTN
TEMPLATE STEER i0 i1l i2 : Node 1: IF_LEAF (ifld 8) IF_NC CTRL_PORT | F_STEER W DTH( 3)

H* #*

# TEMPLATE O : Node 2: |IF_AND | F_NC TEMPLATE

# OPGROUP SET : Node 24: |F_ANDOR ( STEERI NG Node 25) |F_NC TMPL_ELEM
# OPGROUP STEER i54 i55 i56 i57 : Node 25: |F_LEAF (ifld 22) |F_NC CTRL_PORT | F_STEER W DTH( 4)

# VLIWOP_GROUP : Node 88: |F_ANDOR ( STEERI NG Node 89) | F_NC_OP_GROUP VOG 02cli O(EOCS_intarith2_intshift)

# INPUT 122 i24 : Node 91: IF_LEAF (ifld 164) | F_NC CTRL_PORT FU_OPCODE W DTH( 2)
# OUTPUT 00 01 02 : PD.i_shift_9:PD.i_shift_9 op
.fieldi0Oili2i54i55i56 i57 i22 i24 o0 ol o2
# OPCODE SHL_W 16 : FUCCDE 0

000010100 000

# OPCODE SHR W 16 : FUCCDE 1

000010101 001

# OPCODE SHLA W 16 : FUCCDE 2

000010110 010

# OPCODE SHRA W 16 : FUCODE 3

000010111 011

# | OFORVAT STEER : Node 89: | F_LEAF (ifld 162) |IF_NC CTRL_PORT | F_STEER W DTH( 0)
# 10 Descriptor: pr ? gpr cr s, gpr cr s : gpr cr

# INPUT | OSET PORT 0 : Node 92: | F_ANDOR ( STEERI NG Node 93) |F_NC_ | O SET

# INPUT 125126 : Node 93: |F_LEAF (ifld 166) |IF_NC_CTRL_PORT MJX_SEL W DTH( 2)
# OUTPUT 03 04 : mux_3_1 w32_64:nux_3_1 w32_64_sel

.fieldi0Oili2i54i55i56 i57 i25 i26 03 04

000010100 00

000010101 01

000010110 10

# INPUT | OSET PORT 1 : Node 97: | F_ANDOR ( STEERI NG Node 98) |F_NC_ | O SET

# INPUT i27 i28 : Node 98: |F _LEAF (ifld 169) | F_NC CTRL_PORT MUX_SEL W DTH( 2)
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# OUTPUT 05 06 : nux_3_1 w32 66:mux_3_1 w32 66_se
fieldi0ili2i54i55i56i57 i27 i28 05 06
000010100 00

000010101 01

000010110 10

# OUTPUT | OSET PORT 0 : Node 102: |F_ANDOR ( STEERI NG Node 103) |F_NC_| O SET

# INPUT i29 : Node 103: IF _LEAF (ifld 174) |F_NC CTRL_PORT DEMUX_ SEL W DTH( 1)
# OUTPUT o7 : demux_1 2 wl_68:denmux_1_2 wl 68 _sel

.fieldiOili2 i54 i55i56 i57 i29 o7

00001010 O

00001011 1

# TEMPLATE 1 : Node 295: IF_AND | F_NC TEMPLATE
# OUTPUT 00 01 02 : PD.i_shift_9:PD.i_shift_9 op
.fieldi0Oili2 o0 ol o2

# OPCODE NO CP : FUCCDE 4

001 100

# TEMPLATE 2 : Node 330: |IF_AND | F_NC TEMPLATE
# OUTPUT 00 01 02 : PD.i_shift_9:PD.i_shift_9 op
.fieldi0Oili2 o0 ol 02

# OPCODE NO _OP : FUCCDE 4

010 100

# TEMPLATE 3 : Node 366: |F_AND | F_NC TEMPLATE
# OUTPUT 00 01 02 : PD.i_shift_9:PD i_shift_9 op
.fieldi0ili2 o0 ol 02

# OPCODE NO _OP : FUCCDE 4

011 100

# TEMPLATE 4 : Node 389: |IF_AND | F_NC TEMPLATE
# OUTPUT 00 01 02 : PD.i_shift_9:PD.i_shift_9 op
.fieldi0Oili2 o0 ol o2

# OPCODE NO CP : FUCCDE 4

100 100

# TEMPLATE 5 : Node 405: |F_AND | F_NC TEMPLATE
# OUTPUT 00 01 02 : PD.i_shift_9:PD i_shift_9 op
.fieldi0ili2 o0 ol 02

# OPCODE NO _OP : FUCCDE 4

101 100

# TEMPLATE 6 : Node 425: |F_AND | F_NC TEMPLATE
# OUTPUT 00 01 02 : PD.i_shift_9:PD.i_shift_9 op
.fieldi0Oili2 o0 ol o2

# OPCODE NO CP : FUCCDE 4

110 100

# TEMPLATE 7 : Node 445: |F_AND | F_NC TEMPLATE

# OPGROUP SET : Node 448: |F_ANDOR ( STEERI NG Node 449) |F_NC TMPL_ELEM
# OPGROUP STEER i 29 : Node 449: |F _LEAF (ifld 316) | F_NC CTRL_PORT | F_STEER W DTH( 1)

# VLIWOP_GROUP : Node 450: | F_ANDOR ( STEERI NG Node 451) |F_NC OP_GROUP VOG 02cli O(ECS intarith2_intshift)

# INPUT 122 i23 : Node 453: |IF_LEAF (ifld 163) | F_NC CTRL_PORT FU_OPCODE W DTH( 2)
# OUTPUT 00 01 02 : PD.i_shift_9:PD.i_shift_9 op

fieldi0Oil1i2i29i22i23 o0 ol o2

# OPCODE SHL_W 16 : FUCCDE 0

111100 000

# OPCODE SHR W 16 : FUCODE 1

111101 001
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# OPCODE SHLA W16 : FUCODE 2

111110 010

# OPCODE SHRA W 16 : FUCODE 3

111111 011

# | OFORVAT STEER : Node 451: |F_LEAF (ifld 317) | F_NC_CTRL_PORT | F_STEER W DTH( 0)
# 10 Descriptor: pr ? gpr ¢cr s, gpr cr s : gpr cr

# INPUT | OSET PORT 0 : Node 454: | F_ANDOR ( STEERI NG Node 455) |IF_NC | O SET

# INPUT 124 i25 : Node 455: |IF_LEAF (ifld 165) | F_NC CTRL_PORT MJX_SEL W DTH( 2)
# OUTPUT 03 04 : mux_3_1 w32_64:nux_3_1 w32_64_sel

.fieldi0Oil1i2i29i24i25 03 o4

111100 00

111101 01

111110 10

# INPUT | OSET PORT 1 : Node 459: | F_ANDOR ( STEERI NG Node 460) |F_NC | O SET

# INPUT 126 i27 : Node 460: |F_LEAF (ifld 170) | F_NC CTRL_PORT MJX_SEL W DTH( 2)
# OUTPUT 05 06 : mux_3_1 w32_66:nux_3_1 w32_66_sel

.fieldiO0Oil1i2i29i26 i27 o5 06

111100 00

111101 01

111110 10

# OUTPUT | OSET PORT 0 : Node 464: | F_ANDOR ( STEERI NG Node 465) | F_NC | O SET

# INPUT 128 : Node 465: |F_LEAF (ifld 173) | F_NC _CTRL_PORT DEMJX_ SEL W DTH( 1)

# OUTPUT o7 : demux_1 2 wl_68:denmux_1 2 wl 68 _sel
.fieldiOili2i29 i28 o7
11110 O

11111 1
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