
ABSTRACT

SO, WON. Software Thread Integration for Instruction Level Parallelism. (Under the
direction of Associate Professor Alexander G. Dean).

Multimedia applications require a significantly higher level of performance than

previous workloads of embedded systems. They have driven digital signal processor

(DSP) makers to adopt high-performance architectures like VLIW (Very-Long In-

struction Word) or EPIC (Explicitly Parallel Instruction Computing). Despite many

efforts to exploit instruction-level parallelism (ILP) in the application, the speed is a

fraction of what it could be, limited by the difficulty of finding enough independent

instructions to keep all of the processor’s functional units busy.

This dissertation proposes Software Thread Integration (STI) for Instruction Level

Parallelism. STI is a software technique for interleaving multiple threads of control

into a single implicitly multithreaded one. We use STI to improve the performance

on ILP processors by merging parallel procedures into one, increasing the compiler’s

scope and hence allowing it to create a more efficient instruction schedule. STI is es-

sentially procedure jamming with intraprocedural code motion transformations which

allow arbitrary alignment of instructions or code regions. This alignment enables code

to be moved to use available execution resources better and improve the execution

schedule. Parallel procedures are identified by the programmer with either annota-

tions in conventional procedural languages or graph analysis for stream coarse-grain

dataflow programming languages.

We use the method of procedure cloning and integration for improving program

run-time performance by integrating parallel procedures via STI. This defines a new

way of converting parallelism at the thread level to the instruction level. With filter

integration we apply STI for streaming applications, exploiting explicit coarse-grain

dataflow information expressed by stream programming languages.

During integration of threads, various STI code transformations are applied in or-

der to maximize the ILP and reconcile control flow differences between two threads.

Different transformations are selectively applied according to the control structure

and the ILP characteristics of the code, driven by interactions with software pipelin-



ing. This approach effectively combines ILP-improving code transformations with

instruction scheduling techniques so that they complement each other. Code trans-

formations involve code motion as well as loop transformations such as loop jamming,

unrolling, splitting, and peeling.

We propose a methodology for efficiently finding the best integration scenario

among all possibilities. We quantitatively estimate the performance impact of inte-

gration, allowing various integration scenarios to be compared and ranked via prof-

itability analysis. The estimated profitability is verified and corrected by an iterative

compilation approach, compensating for possible estimation inaccuracy. Our mod-

eling methods combined with limited compilation quickly find the best integration

scenario without requiring exhaustive integration. The proposed methods are auto-

mated by the STI for ILP Tool Chain targeting Texas Instrument C6x VLIW DSPs.

This work contributes to the definition of an alternative development path for

DSP applications. We seek to provide efficient compilation of C or C-like languages

with a small amount of additional high-level dataflow information targeting popular

and practical VLIW DSP platforms, reducing the need for extensive manual C and

assembly code optimization and tuning.
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Chapter 1

Introduction

1.1 Motivation

Multimedia applications are pervasive in modern systems. Still and moving im-

ages and sounds are quite common types of information existing in the digital world.

Multimedia applications generally require a significantly higher level of performance

than the previous workloads. Designers of high-performance embedded systems are

increasingly using digital signal processors (DSPs) with VLIW (Very-Long Instruc-

tion Word) and EPIC (Explicitly Parallel Instruction Computing) architectures to

maximize processing bandwidth while delivering predictable, repeatable performance.

VLIW/EPIC processors improve the performance by issuing multiple independent in-

structions based on the decision of the compiler while limiting hardware complexity.

Examples include Texas Instruments C6000 high performance DSPs and DaVinci

Digital Media Processors [110], TriMedia media processors from NXP Semiconduc-

tors (former Philips Semiconductor) [53], TigerSHARC DSP from Analog Devices

[34], ST200 (a.k.a. Lx) customizable processor families from ST Microelectronics and

Hewlett-Packard [30, 52], Carmel DSP Core from Infineon Technologies [29], StarCore

SC140 from StarCore [44], and MAP1000 media processor from Equator Technolo-
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Table 1.1: Key features of VLIW DSPs and media processors

Processors
Issue Pipeline

Notable features
width depth

TI TMS320C62xx 8 11 1st VLIW-based DSP
TigerSHARC DSP 4 8 SIMD + VLIW data type agility
Trimedia TM1300 5 8 27 functional units and 128 registers
StarCore SC140 6 5 Scalable approach to compact code

HP/ST Lx-ST200 4 6 Scalable up to 4 clusters
Infineon Carmel DSP 2,6 8 Customizable LIW (CLIW) instructions

gies and Hitachi [38]. Table 1.1 summarizes key features of VLIW DSPs and media

processors [11, 64].

The performance of VLIW/EPIC architecture processors depends on the ability of

the compiler to find enough instructions which can be executed in parallel. Compilers

form bigger scheduling regions using traces [32], superblocks [20, 57], hyperblocks

[71] and treegions [50] to extract more independent instructions. Compilers apply

aggressive instruction scheduling techniques for loops such as unrolling and software

pipelining (SWP) [21, 84, 85]. However, the speed is a fraction of what it could be,

limited by the difficulty of finding enough independent instructions to keep all of the

processor’s functional units busy.

One of the reasons is that a single instruction stream has a limited level of

instruction-level parallelism (ILP) because there are not enough independent instruc-

tions within the limited size of the compiler’s scheduling window [111]. In order to

overcome this limit, techniques to exploit more parallelism by extracting multiple

threads out of a single program were introduced. This parallelism is called thread-

level parallelism (TLP). Many architectural designs are proposed to exploit TLP.

Those include Simultaneous Multithreading (SMT) [109], Multiscalar [90], Dynamic

Multithreading (DMT) [4], Welding [78] and Superthreading [108]. However, most

digital signal processors do not implement these architectural extensions in order to

maintain a simple architecture and predictable performance. Despite the fact that

DSP and multimedia applications feature abundant thread-level parallelism, processor

utilization is restricted by compilers’ limited instruction scheduling windows, which
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mostly do not go beyond procedure call boundaries.

1.2 Software Thread Integration for ILP

Software thread integration (STI) [27, 25, 26] is a method for interleaving threads

implementing multiple threads of control together into a single implicitly multi-

threaded one. Past work used STI to interleave threads at the assembly language

level and perform fine-grain real-time instruction scheduling to share a uniproces-

sor more efficiently, enabling hardware-to-software migration (HSM) for embedded

systems.

This dissertation proposes Software Thread Integration for Instruction Level Par-

allelism. We use STI to increase the instruction-level parallelism of procedures or

threads, which can be seen as a superset of procedures because they may contain

multiple procedures with call hierarchies. STI is used to merge multiple procedures

or threads into one, effectively increasing the compiler’s scope to find more indepen-

dent instructions and hence allowing it to create a more efficient instruction sched-

ule. Figure 1.1 illustrates a simple example of how STI improves performance. STI

is essentially procedure jamming with intraprocedural code motion transformations

which allow arbitrary alignment of instructions or code regions. This alignment is

implemented by various STI code transformations which reconcile control flow differ-

ences between two procedures. It allows code to be moved to use available execution

resources better and improve the instruction schedule across two procedures. There-

fore, STI effectively converts existing thread-level parallelism into instruction-level

parallelism, exploiting remaining idle processor resources in ILP processors.

We first investigate how to select and integrate procedures to enable conversion

of coarse-grain parallelism (between procedures) to a fine-grain level (within a sin-

gle procedure) using procedure cloning and integration [87]. These methods create

specialized versions of procedures with better execution efficiency, providing clone

procedures that do the work of two or three procedures concurrently (‘conjoined

clones’) through software thread integration. This enables work to be gathered for



4

Thread1
Thread2

Idle issue slots

Original scheduled execution of 
Thread1 and Thread2

Scheduled execution of the 
integrated thread

Ru
n 
tim

e

Ru
n 
tim

e

Performance Improvement

Figure 1.1: Performance benefits of STI on VLIW/EPIC machines

efficient execution by the integrated clones.

Due to difficulty of automatic extraction of independent threads by interproce-

dural parallelization analysis, we rely more on the programmer to identify parallel

procedures. Being coarse-grain (procedure-level) dataflow representations, stream

programming languages explicitly provide the data dependence information which

constrains the selection of which code to integrate. Parallel procedures can come

from programs written in C-like stream programming language such as StreamIt

[106], which can be compiled to C for a uniprocessor. They also can come from

programs written in conventional procedural languages with some language exten-

sions (annotation or directive) added by the programmer. This is not an unrealistic

scenario because abundant coarse-grain parallelism exists in media applications at

the algorithm design stage but it becomes hidden after they are rewritten in sequen-

tial programming languages. We are not trying to find new parallelism but instead

reclaim parallelism obscured in this process.

Rather than just merging threads, we ‘integrate’ them by applying various STI

code transformations. These code transformations aim to maximize the ILP of the

integrated thread, simultaneously reconciling control flow differences between two
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Figure 1.2: Overview of processes of STI for ILP and its application spaces

threads. In order to do this, we categorize code in terms of the control structure (cyclic

or acyclic) and the instruction schedule based on the schedule analysis. Different

transformations are selectively applied according to the characteristics of code to be

integrated, driven by interactions with software pipelining. Code transformations

involve code motion as well as loop transformations such as loop jamming, unrolling,

splitting, and peeling [88].

Since STI code transformations enables arbitrary alignment of code regions be-

tween two threads, finding the best integration scenario among all possibilities without

any guidance is quite exhaustive as the complexity of threads increases. In order to

search and find the best integration scenario efficiently, we quantitatively estimate

the performance impact of integration, allowing various integration scenarios to be

compared and ranked via profitability analysis. In addition, the estimated profitabil-

ity is verified and corrected by an iterative compilation approach, compensating for

possible estimation inaccuracy. The iterative compilation algorithm enables quick se-

lection of the best integrated procedure with the fewest compilation cycles [89]. The

proposed methods for STI for ILP are automated by the STI for ILP Tool Chain

targeting Texas Instrument C6x VLIW DSPs.

In this dissertation, we define and investigate the processes of STI for ILP and
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explore its application spaces in detail. Figure 1.2 illustrates the processes of STI for

ILP and its application spaces. STI can be used to speed up programs written in

both procedural languages and stream programming languages. Procedure-level data

dependence information and profile (or run-time estimation) data guide selection of

threads to be integrated. Threads are integrated automatically by STI code transfor-

mations driven by profitability analysis and iterative compilation. Lastly, programs

are transformed to utilize integrated threads.

Our overall goal of STI for ILP is the definition of an alternative development

path for DSP applications. Currently DSP application development requires extensive

manual C and assembly code optimization and tuning. We seek to provide efficient

compilation of C or C-like languages with a small amount of additional high-level

dataflow information (allowing the developer to leverage existing skills and code/tool

base) targeting popular and practical VLIW digital signal processing platforms.

1.3 Contributions

Contributions of this dissertation are listed as follows:

• STI for ILP provides a unique way of using thread-level parallelism (TLP)

more efficiently on the ILP uniprocessors with no hardware support for TLP.

It enables reclaiming available execution resources in ILP processors by using

additional high-level data flow information. This can offer an alternative to

extensive manual performance tuning because STI for ILP automatically iden-

tifies the weak spots where the target compiler’s optimization is not successful

and integrates threads to exploit those existing opportunities for further opti-

mizations.

• STI for ILP provides a comprehensive framework for applying various ILP-

improving code transformation techniques consistently to maximize the overall

performance of integrated thread. Rather than applying one code transforma-

tion blindly throughout the code, different code transformations are selectively
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applied based on the instruction schedule analysis. It effectively combines ILP-

improving code transformations with instruction scheduling techniques in order

that they benefit from each other. Code transformations are driven by schedule

analysis so that they complement the existing instruction scheduling techniques

(software pipelining in TI C6x case). STI code transformations enable the

target compiler to overcome the control flow boundaries and limited schedul-

ing window size by scheduling the code at a coarse-grain level based on the

basic-block-level instruction schedule information. In addition, STI code trans-

formations are able to handle threads with an arbitrary control flow because

transformations are applied to the hierarchical graph representations.

• We introduce a methodology for finding the best integration scenario efficiently

when there are multiple possible ones. This is important because the num-

ber of possible integration scenarios increases significantly as the complexity of

threads grows. Combined with quantitative estimation model for STI impact,

the proposed iterative compilation approach enables quick selection of the best

integration scenario, saving unnecessary compilation cycles.

• We have developed a tool chain to automate STI for ILP for research purposes.

The tool chain is capable of constructing a hierarchical program representation

from C source code, integrating via graph transformation, and generating the

C source code for the integrated threads. Though the current implementation

targets only TI C6x DSPs, the tool chain can be ported to other platforms as

it integrates threads at the C source level.

1.4 Outline of Dissertation

Chapter 2 investigates the method for using STI to optimize a program written

in procedural languages in detail. We present the steps for planning and performing

procedure cloning and integration. The methods to select and integrate procedures,

and use integrated procedures in the program are described. Threads from JPEG
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applications are integrated on the Itanium processor to show benefits and bottlenecks

of applying STI. This fundamental work was developed as my master’s thesis [86] and

is presented here as background for completeness.

Chapter 3 presents a set of STI code transformations to generate an integrated

thread with better instruction schedule than original threads. We categorize the

code in terms of the control structures (cyclic or acyclic) and instruction schedule

based on software pipeline analysis then define various STI transformation techniques

applicable in different cases. The benefits of the techniques are demonstrated with

integration of various digital signal and image processing kernels on the TI C64x DSP.

Chapter 4 proposes a methodology for efficient STI to find the best integration

scenario quickly. An estimation model to predict the performance impact of STI

and an iterative compilation algorithm to find the best integration scenario with

limited compilation cycles are presented. The effectiveness of the proposed method

is demonstrated by integrating code examples from MiBench on the TI C64x DSP.

Chapter 5 describes the tool chain to automate STI for ILP. In this tool chain, the

source code of the original threads is converted into a hierarchical graph representa-

tion. Based on the instruction schedule information from the assembly code compiled

for a target processor (TI C6x in this case), the set of all possible integrated proce-

dures is constructed by hierarchical graph transformation and decision tree creation.

Finally, the C source code for integrated procedures is automatically generated from

the transformed graph representations. The capability and utility of this tool chain

are demonstrated by automatic integration of procedures from MiBench.

Chapter 6 introduces a series of methods called filter integration, for applying STI

to streaming applications written in a stream programming language, StreamIt. In-

dependent procedures, which correspond to parallel filters, are identified and selected

for integration driven by stream graph analysis. The method for transforming the

application and additional optimizations for targeting a VLIW DSP are presented.

The benefit of filter integration is demonstrated by applying filter integration to a

StreamIt application on the TI C67x DSP.

The rest of this chapter describes the related work.
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1.5 Related Work

Instruction scheduling plays a key role in exploiting ILP for VLIW processors. STI

complements various instruction scheduling techniques breaking boundaries between

procedures by merging them and increasing independent instructions in basic blocks

by control flow transformations and code motion. Interprocedural analysis and opti-

mization are challenging problems for general programs. Using stream programming

languages simplifies interprocedural analysis by revealing coarse-grain dependencies

enabling further optimizations.

1.5.1 Instruction Scheduling

Instruction scheduling is one of the most important phases of exploiting ILP for

VLIW processors. The performance depends on the ability of the compiler to find

independent instructions. Since the amount of parallelism available within basic

blocks tends to be quite limited, compilers performs various optimizations. Compilers

perform software pipelining for cyclic code to overlap multiple iterations of a single

loop in software. For acyclic code, compilers form larger scheduling region by merging

multiple basic blocks.

Software pipelining

Software Pipelining (SWP) [21, 84, 85] is a scheduling method to run different

iterations of the same loop in parallel. It finds independent instructions from the fol-

lowing iterations of the loop and typically achieves a better schedule. However, soft-

ware pipelining can suffer or fail when confronted with complex control flow, excessive

register pressure, or tight loop-carried dependences. Overcoming these limitations has

been an active area of research for over a decade. Much work has been performed to

make software pipelining perform better on code with multiple control-flow paths, as

this presents a bottleneck.

Hierarchical reduction merges conditional constructs into pseudo-operations and
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list schedules both conditional paths. The maximum resource use along each path is

used when performing modulo scheduling. The pseudo-operations are then expanded

and common code is replicated and scheduled into both paths [66]. If-conversion

converts control dependences into data dependences. It guards instructions in condi-

tionally executed paths with predicate conditions and then schedules them, removing

the conditional branch [6]. Enhanced modulo scheduling begins with if-conversion to

enable modulo scheduling. It then renames overlapping register lifetimes and finally

performs reverse if-conversion to replace predicate define instructions with conditional

branch instructions [112, 113], eliminating the need for architectural predication sup-

port.

These approaches schedule all control-flow paths, potentially limiting performance

due to the excessive use of resources or presence of long dependence chains. Lavery

developed methods to apply modulo scheduling to loops with multiple control-flow

paths and multiple exits. Speculation eliminates control dependences and creation

of a superblock or hyperblock removes undesirable paths from the loop based upon

profile information. Epilogs are created to support the multiple exits from the new

loop body [68].

The previous methods require that one initiation interval (II) is used for all dif-

ferent paths. Some research focuses on the use of path-specific IIs to improve perfor-

mance. In GURPR each path is pipelined using URPR and then code is generated to

provide transitions between paths. However, this transition code is a bottleneck [96].

All-paths pipelining builds upon GURPR and perfect pipelining [3], by first schedul-

ing the loop kernel along execution path. A composite schedule is then generated

by combining the path kernels with code to control the switching among them [92].

Code expansion can be a problem due to the exponential increase of potential paths.

Modulo scheduling with Multiple IIs relies upon predication and profiling information

[114]. After if-conversion, it schedules the most likely path and then incrementally

adds less likely basic blocks from conditionals.

Pillai uses an iterative approach to move instructions out of conditionals for a

clustered VLIW/EPIC architecture. The compiler repeats a sequence: speculation

to expose more independent instructions, binding instructions to machine clusters,
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modulo scheduling the resulting code, and saving the best schedule found so far [79].

Our use of STI to improve the performance SWP for control-intensive loop is

different from existing work. Integration increases the number of independent in-

structions visible to the compiler while effectively reducing loop overhead (through

loop jamming). This enables the compiler to use existing SWP methods to create

more efficient schedules.

Global acyclic scheduling

Compilers try to extract more ILP by forming bigger scheduling regions for acyclic

code through merging multiple basic blocks. In trace scheduling [32], compilation pro-

ceeds by selecting a likely path of execution, called a trace. This trace is compacted

by performing code motion without regard to basic block boundaries. Correct exe-

cution is preserved by off-trace compensation code. Superblock scheduling [20, 57]

forms superblocks, regions with a single entrance and (possibly) multiple exits. Side

entrances to superblocks are eliminated by tail duplication. Both of techniques use

profile information to guide the region formation process, so that the most often ex-

ecuted paths reap the greatest benefit. A hyperblock [71] is a set of predicated basic

blocks, in which control may only enter from the top, but may exit from one or more

locations. It uses tail duplication to remove side entrances as superblock scheduling

and if-conversion to replace a set of basic blocks containing conditional control flow

with a single block of predicated instructions. Treegion scheduling [50] forms a tree-

gion, single-entry/multiple-exit global scheduling region which consists of basic blocks

with control flow forming a tree. Instructions moved above a branch are speculated

and register renaming is used to prevent violation of program semantics.

In region scheduling [41, 8], a program is divided into regions containing state-

ments requiring the same control conditions via the Program Dependence Graph

(PDG). Guided by the estimates of the parallelism present in the program regions,

the region scheduler repeatedly transforms the PDG, uncovering potential parallelism

in regions. The transformations, which include loop unrolling and invariant code

motion, forward/backward code motion, and region copying/collapsing, redistribute
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parallelism among regions through the transfer of code from one region to another.

Different from these techniques, STI assists the compilers to exploit parallelism

across different procedures by merging them. STI also allows arbitrary alignment of

instructions or code by control flow transformations and code motion so that compilers

use independent instructions efficiently.

1.5.2 Loop Optimizations

Loop jamming and unrolling

Loop jamming (or fusion) and unrolling are well-known optimizations for reduc-

ing loop overhead. Unroll-and-jam [5, 2, 15, 14] can increase the parallelism of an

innermost loop in a loop nest. This is especially useful for software pipelining as it

exposes more independent instructions, allowing creation of a more efficient schedule

[18]. Unrolling factors have been determined analytically [17].

Loop jamming, unrolling, and unroll-and-jam have been used to distribute inde-

pendent instructions across clusters in a VLIW architecture to minimize the impact

of the inter-cluster communication delays [82, 83]. The technique called Deep Jam

also uses loop jamming to increase ILP [19]. It recursively applies combinations of

loop jamming and code duplication for inner loops and conditionals. However, trans-

formation is limited to threads (threadlets) with the identical control flow while STI

works both identical and heterogeneous control structures.

STI is different from these loop-oriented transformations in two ways. First, STI

merges separate procedures, increasing the number of independent instructions within

the compiler’s scope. Second, STI distributes instructions or code regions to locations

with idle resources, not just within loops. It does this with code motion as well as

loop transformations (peeling, unrolling, splitting, and jamming).
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1.5.3 Interprocedural Optimization and Analysis

Interprocedural (or whole-program) optimization methods extend the compiler’s

scope beyond the procedure boundaries defined by the programmer to potentially

encompass the entire program. These methods include procedure inlining and pro-

cedure cloning. STI for ILP can take advantage of interprocedural parallelization

analysis if it successfully extracts parallel threads from sequential programs.

Procedure inlining

Procedure inlining (inline expansion or inline substitution) is a widely researched

and accepted means to enable whole program optimization. It improves compiler

analysis and enables other optimizations as well as instruction scheduling [7, 56, 24].

Way [116, 115] extends region-based compilation [49] to perform inlining and cloning

based on demand and run-time profile information.

STI differs with procedure inlining techniques in two ways. First, overlap of the

code of independent procedures by STI is not limited to the callees of the same

procedure. Second, STI does not only merge two procedures but also transforms

control structures so that the compiler generates a more efficient schedule.

Procedure cloning

STI leverages procedure cloning, which consists of creating multiple versions of

an individual procedure based upon similar call parameters or profiling information.

Each version can then be optimized as needed, with improved data-flow analysis

precision resulting in better interprocedural analysis. The call sites are then modified

to call the appropriately optimized version of the procedure. Cooper and Hall [23,

45] used procedure cloning to enable improved interprocedural constant propagation

analysis in the matrix300 from SPEC89. Selective specialization for object-oriented

languages corresponds to procedure cloning. Static analysis and profile data have

been used to select procedures to specialize [28]. Procedure cloning is an alternative

to inlining; a single optimized clone handles similar calls, reducing code expansion.
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Cloning also reduces compile time requirements for interprocedural data-flow analysis

by focusing efforts on the most critical clones. Cloning is used in Trimaran [75], FIAT

[47], Parascope [16], and SUIF [48].

Interprocedural parallelization analysis

There are numerous research compilers which support automatic parallelization.

Those include Parafrase-2 from University of Illinois [80], ParaScope from the Rice

University [22], Polaris from the University of Illinois [13], and the SUIF compiler from

Stanford University [46]. These compilers automatically parallelize loops in programs

written in Fortran or C by incorporating variety of analyses such as scalar and array

analyses, symbolic analysis, and privatization analysis. Parafrase-2, ParaScope, and

SUIF are also capable of interprocedural data flow analysis, where its analyses are

performed across procedure boundaries enabling parallelization of coarse-grain loops.

(See [72] for a detailed survey.)

These compilers are noticeably successful in parallelizing scientific and numeric

applications composed of counted loops with very regular and analyzable structures,

and a predictable array access pattern [61]. However, complier writers have had little

success in extracting thread-level parallelism from sequential programs for generic

purposes, which may include complex control flow, pointer accesses, and recursive

data structures [77].

If these parallelizing compilers are able to extract parallel procedures (or threads)

from DSP or multimedia applications, STI for ILP can leverage them by integrating

those threads. However, the chances are limited because these compilers focuses on

finding parallelism only from loops (especially outer loops from perfectly nested loops)

while parallel procedures often reside in a non-loop form (e.g. sequential calls of differ-

ent procedures) in real applications. Though multimedia applications show relatively

simpler pointer behaviors than general programs, the interprocedural pointer analy-

sis is another difficulty because most procedure calls involve passing input or output

pointers. (Hind et al. [51] describes the comparison of different pointer analysis

algorithms and Hunter et al. [55] evaluates them for media applications.)
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1.5.4 Stream Programming

Rather than performing complex interprocedural analysis we rely upon finding

parallelism explicit in a higher-level stream program representation. For DSP appli-

cations written in a programming language such as C, opportunities for optimizations

beyond procedure level are hidden and hard for compilers to recognize. A stream

program representation makes data independence explicit, simplifying the use of our

methods to improve performance.

Stream-based programming dates to the 1950s; Stephens provides a survey of

programming languages supporting the stream concept [91]. LUSTRE [43] and ES-

TEREL [12] are common synchronous dataflow languages. Performing signal process-

ing involves using a synchronous deterministic network with unidirectional channels.

The SIGNAL language was designed for programming real-time signal processing

systems with synchronous dataflow [37].

Recent work has focused on two fronts: improving the languages to make them

more practical (adding needed features and making them easier to compile to efficient

code) and developing multiprocessors which can execute the stream programs quickly

and efficiently. Khailany et al. introduced Imagine, composed of a programming

model, software tools and stream processor architecture [62]. The programming lan-

guage and the software tools target the Imagine architecture. Thies et al. proposed

the StreamIt language and developed a compiler [106]. The StreamIt language and

compiler have been used for the Raw architecture [97], VIRAM [74] and Imagine [62],

but they also can be used for more generic architectures by generating C code for a

uniprocessor.

Overview of StreamIt

StreamIt [39] programs consist of C-like filter functions which communicate using

queues and global variables. Apart from the global variables, the program is essen-

tially a high-level dataflow graph. There are init and work functions inside filters,

which contain code for initiation and execution respectively. In the work function, the
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filter can communicate with adjacent filters with push(value), pop(), and peek(index),

where peek returns a value without dequeuing the item.

Filters can be connected with three constructs: Pipeline, SplitJoin and Feedback-

Loop. The output of the first filter (or one of other constructs) is connected to the

input of the second filter by the Pipeline construct. SplitJoin is used to specify par-

allel filters that diverge from a common splitter and merge into a common joiner.

There are two types of splitter: duplicate and roundrobin. A FeedbackLoop is used

to create a cycle between filters. Stream applications are designed conceptually with

these constructs and written in the StreamIt language [105].

A program written in the StreamIt language can be compiled for the Raw archi-

tecture or general uniprocessors by the StreamIt compiler. The compiler translates

StreamIt syntax and constructs the StreamIt Intermediate Representation (SIR) that

encapsulates the hierarchical stream graph. Since filters have different data rate and

scope, as defined by number of pop, push and peek, filters are scheduled to work syn-

chronously [60]. Based upon this schedule, the necessary buffers between filters are

allocated by the compiler. There are two types of schedule: the steady state sched-

ule and the initialization schedule. From a performance standpoint, the steady state

schedule dominates, as initialization occurs only once.

The back-end processes of the StreamIt compiler depends on the target. For Raw,

it automatically estimates work size of filters and partitions the stream graph to

balance the processing. Then it generates C code for each tile (the processing unit

of Raw) by merging (fusion) or separating (fission) filters. For uniprocessors, the

compiler simply generates a C program which can be compiled with any C compilers.

The StreamIt program representation provides a good platform for applying STI

for ILP. Most importantly, it fully exposes parallelism between filters. The arcs in

the stream graph defines use-def chains of data. Thus, the filters which are not linked

each other directly or indirectly do not depend on each other. Since a single filter

in a StreamIt program is converted into a single procedure in the C program, the

granularity level of parallelism expressed in a StreamIt program matches what is

needed for STI.
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StreamIt optimizations

There have been many optimizations developed for StreamIt programs. The most

relevant one to our work is fusion transformation, which joins multiple filters into one.

There are two types of fusion transformation: vertical fusion of Pipeline constructs

and horizontal fusion of parallel filters between SplitJoin constructs [39, 107].

Vertical fusion is not immediately of interest since its advantage mainly comes from

converting channels between filters to local buffers [81]. For a VLIW uniprocessor,

our target architecture, localizing communication is not as critical to performance as

it is for communication-exposed architectures. These architectures depend upon load

balancing and minimizing communication for efficient execution while we focus on

finding opportunities to run multiple filters concurrently.

Horizontal fusion performs fusion of multiple parallel filters located between SplitJoin

constructs. An algorithm is presented by Gordon et al. [39], while the requisite queue

access (push, pop, and peek) modifications are showed by Theis et al. [107]. After

fusion, however, the code for parallel filters in one fused filter are not scheduled to run

explicitly in parallel. The generated code for each filter is concatenated so that it exe-

cute two independent parallel filters serially. Thus further optimization opportunities

are left for the target compiler. If the target compiler can not detect independent

operations, opportunities for further optimizations are lost. This is often the case

when the two fused filters have loops, in which case the compiler must be able to

perform inter-loop code motion or even loop fusion.

Unlike filter fusion, our method uses data dependence information expressed ex-

plicitly in the stream programming language to guide and perform filter integration. It

applies various STI code transformation techniques so that it achieves more fine-grain

schedules by interleaving code from two independent filters.

Linear optimizations [67] also can result in collapsing of filter functions, with

speedups of 450% reported for a benchmark suite of DSP applications. However,

this is possible only for a limited set of filter functions: those for which each of

the outputs can be expressed as an affine combination of its inputs, such as FIR

filters, expanders, compressors, FFTs and DCTs. Our method does not have such a
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constraint, and hence is more general.
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Chapter 2

Procedure Cloning and Integration

2.1 Introduction

Software thread integration (STI) can be used to merge multiple threads or pro-

cedures into one, allowing the compiler to look among multiple procedures within the

application to find independent instructions and create highly efficient integrated ver-

sions. In this chapter, we present an approach of integrating multiple procedures in

an embedded system for maximum processor utilization. The novelty is in providing

clone procedures that do the work of two or three procedures concurrently (‘conjoined

clones’) through software thread integration. This enables work to be gathered for

efficient execution by the clones. We compile the programs with the cloned and inte-

grated procedures with four different compilers (gcc, ORCC, Pro64 and Intel C++)

and evaluate performance in detail.

Although this chapter describes programs in which independent procedure calls

were manually identified, this is not a requirement for using the methods presented.

Original programs can be multithreaded using thread library or parallel programming

directives like OpenMP. Parallel procedures can be identified via language extensions

(e.g. annotation or directive) by programmers before integration. They can come from
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programs written in C-like stream programming language such as StreamIt. Parallel

procedures even can be found by interprocedural parallelization analysis though it is

difficult in reality.

This chapter presents the foundations of STI for ILP, developed in my master’s

thesis [86], and is included as background for completeness. Section 2.2 describes

the techniques used to determine which procedures to clone, how to integrate them,

how to modify the call sites, and then finally how to select the best clone based

on performance data. Section 2.3 presents the experimental method: analysis and

integration of the cjpeg and djpeg programs, compilers used, execution environment

and profiling methods. Section 2.4 presents and analyzes the experimental results.

Section 2.5 summarizes the findings.

2.2 Methods

Planning and performing procedure cloning and integration require several steps.

We choose the candidate procedures to clone from the application and examine the

applicability of STI. Then we perform procedure integration to create the integrated

clone versions of procedures and insert those in the applications. These steps are

presented in detail below.

2.2.1 Identifying the Candidate Procedures for Integration

The first stage of integration is to choose the candidate procedures for integration

from the application. The candidate procedures are simply those that consume a sig-

nificant amount of the program’s run time. These can be easily identified by profiling,

which is supported by most compilers (e.g. gprof in gnu tools). For multimedia ap-

plications, those procedures usually include compute intensive code fragments, which

most DSP benchmark suites call DSP Kernels such as filter operations (e.g. FIR,

IIR), and frequency-time transformations (e.g. FFT, DCT) [119]. Those routines

have more loop-intensive structures and handle larger data sets, which require more
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memory bandwidth than normal applications [35].

2.2.2 Examining Parallelism in the Candidate Procedure

The second step is to examine parallelism in the candidate procedure because in-

tegration requires parallel execution of procedures. Various levels of parallelism exist,

from instruction to loop and procedure, based on the distribution of the independent

instructions. The method proposed here is a software technique to use STI for con-

verting existing procedure-level parallelism to ILP. Though there are other levels of

parallelism in the application, we only focus on this type.

Multimedia applications tend to spend most of their execution time running com-

pute intensive routines iteratively on large independent data sets in memory. For ex-

ample, FDCT/IDCT (forward/inverse discrete cosine transform), a common process

in image applications, handles an 8x8 independent block of pixels; these procedures

are called many times in the applications like JPEG and MPEG. We use this purely

independent procedure-level data parallelism: (1) Each procedure call handles its own

data set, input and output. (2) Those data sets are purely independent of each other,

requiring no synchronization between calls. Our strategy for STI is to rewrite the

target procedure to handle multiple sets of data at once. An integrated procedure

joins multiple independent instruction streams and can offer more ILP than the orig-

inal procedure. Figure 2.1 shows the existing parallel procedure calls and strategy for

integration.

Detecting this parallelism within a single program is not an easy task; much work

has been done to automatically extract multiple threads out of a single program for

execution on processors with multiple instruction streams [10, 33, 90, 76, 117]. We are

not trying to solve this problem. Instead, we assume that application developers will

extract threads whether automatically or manually. We present a method to execute

the parallel functions more efficiently on a single instruction stream processor.
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Figure 2.1: Parallel procedure calls and strategy for STI

2.2.3 Performing Procedure Integration

Many cases and corresponding code transform techniques for STI have been al-

ready demonstrated by previous work [27, 25, 26]. STI uses the control dependence

graph (CDG, a subset of the program dependence graph) [31] to represent the struc-

ture of the program, which simplifies analysis and transformation. STI interleaves

multiple procedures, with each implementing part of a thread. For consistency with

previous work we refer to the separate copies of the procedure to be integrated as

threads. Integration of identical threads is a simple case; Integration of procedures

with loops involves jamming two loops. To move code into a conditional it is repli-

cated into each case. Various code transformations are applied depending on the

control flow and the ILP characteristics. STI code transformation techniques for ILP

are mainly discussed in Chapter 3.

Code transformation can be done in two different levels: assembly or high-level-

language (HLL) level. Our past work performs assembly language level integration

automatically [26]. Although assembly level integration offers better control, it also

requires a scheduler that targets the machine and accurately models timing. For a
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VLIW or EPIC architecture this is nontrivial. In this work, we integrate in C and

leave scheduling and optimization to the compilers, which have much more extensive

optimization support build in.

Whether the integration is done in either assembly or HLL level, it requires two

steps. The first is to duplicate and interleave the code (instructions). The second is to

rename and allocate new local variables and procedure parameters (registers) for the

duplicated code. The second step is quite straightforward in HLL level integration

because the compiler takes care of allocating registers. Not all operations and local

variables are duplicated because there may be some operations and variables shared

by the threads. For example, a loop induction variable and its increment operation

are not duplicated when loops with fixed iteration counts are jammed.

There are three expected side effects from integration: increases in code size,

register pressure, and data memory traffic. The code size increases due to code

copy and replication introduced by code transformations. Code size increase has a

significant impact on performance if it exceeds a threshold determined by instruction

cache size(s). The register pressure also increases with the number of integrated

threads and can lead to extra spill and fill code, reducing performance. Finally, the

additional data memory traffic may lead to additional cache misses due to conflicts

or limited capacity.

2.2.4 Optimizing the Application

After performing procedure integration, we have multiple versions of a specific

procedure: the original discrete version and integrated versions. There are two ap-

proaches for invoking those procedures in the application. The first is to modify the

application to call integrated procedures directly by replacing original procedure calls

with integrated procedure calls. It is a static approach as it requires determining the

most efficient version before compile time. The second is a dynamic approach, using

a run-time mechanism to choose the most efficient version of thread at run time. In

this work, we only focus the static approach and optimize the applications based on

performance analysis. A dynamic approach will be investigated in future work.
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After writing the integrated versions of the target procedures, we include those in

the original source code and modify the caller procedure to call the specific version of

procedure every time. Typically the caller procedure is organized to call the target

procedure a certain number of times with the form of a loop. Since the integrated

procedure handles multiple calls at once, the caller must delay the calls and store

the procedure parameters until it has data for all of the calls and call the integrated

procedure with multiple sets of parameters. Some local variables for storing parame-

ters for delayed calls and for organizing the control flow are allocated to the caller.

Hence control flow becomes slightly more complicated than before. As a result, some

overhead is unavoidable from register pressure and branch mispredictions.

Base on the information from static analysis or profiling, the most efficient version

of the procedure is selected. This grows more important if we have more than one

procedure to be cloned. For example, we have three versions – original, 2-thread

integrated, 3-thread integrated – of FDCT and Encode (Huffman encoding) in cjpeg

application. From nine combinations to invoke those two procedures, the best com-

bination can be chosen using feedback based on the performance of each version of

the procedure.

2.3 Experiments

We chose the JPEG application as an example of the multimedia workload. We

performed procedure cloning and integration for the JPEG application. Three target

procedures were identified and integrated manually at the C source code level. The

code was compiled by four different compilers with various optimization flags. The

compiled programs were executed on an Itanium machine.

2.3.1 Sample Application: JPEG

JPEG is a standard image compression algorithm which is frequently used in

multimedia applications. It is one of applications in MediaBench, a benchmark suite
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which represents multimedia workloads [69]. Source code was obtained from Indepen-

dent JPEG Group. We used 512x512x24bit image lena.ppm which is a standard for

image compression research. JPEG is composed of two programs: djpeg (Decompress

JPEG) and cjpeg (Compress JPEG).

2.3.2 Integration Method

The execution profile from gprof shows that djpeg spends most of its execution

time performing IDCT (Inverse Discrete Cosine Transform). cjpeg also spends signif-

icant amounts of time performing FDCT (Forward DCT) and Encoding.

FDCT/IDCT is a common tool for compressing an image. The existing paral-

lelism is that one procedure call performs FDCT/IDCT for an 8x8 pixel macro block,

and input and output data of every procedure call are independent. Similarly, En-

code/Decode processes a block of data with one procedure call and has the same level

of parallelism as FDCT/IDCT has.

We perform the integration of two and three threads for IDCT (JII: jpeg idct islow)

in djpeg, FDCT (FD: forward DCT, JFI: jpeg fdct islow) and Encode (EOB: en-

code one block) in cjpeg. Decode (DM: decode mcu) in djpeg cannot be parallelized

because of the data dependencies between the buffer positions for the blocks.

Code transformation is done at the C source level using the techniques just pre-

sented. IDCT is composed of two loops with identical control flow and a conditional

which depends on the input data. The control flow of the integrated procedure is

structured to handle all possible execution paths. The control flow of Encode in cjpeg

is also similar as it has a loop with a data-dependent predicate. FDCT is composed

of two procedures, FD and JFI. Even though there is a nested call from FD to JFI,

the control flow is straightforward, as it is an extension of a procedure with a loop.

In this case, the intermediate procedure FD is modified to call JFI properly so that

it handles the correct data sets.

We invoke the integrated procedures statically by binding a specific version explic-

itly in the application. Three different versions of caller procedures for the respective

target procedures are written and included in the original source code, and then are
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Table 2.1: Compilers used in experiments

Symbol Name Version License

GCC GNU C Compiler for IA-64 3.1 GNU, Open Source
Pro64 SGI Pro64 Compiler Build 0.01.0-13 SGI, Open Source
ORCC Open Research Compiler Release 1.0.0 Open Source
Intel Intel C++ Compiler 6.0 Intel, Commercial

compiled to different versions of application with conditional compile flags. Then we

measure the performance of the target procedure with those versions. Finally, we

build the best-optimized version of the application.

2.3.3 Overview of Experiments and Evaluation Methods

Three versions of source code (NOSTI : original discrete (non-integrated) version,

STI2 : 2-thread-integrated, STI3 : 3-thread-integrated) for respective target threads

(IDCT in djpeg, FDCT and EOB in cjpeg) are written and compiled with various

compilers with different optimization options: GCC –O2, Pro64 –O2, ORCC –O2 and

–O3, Intel –O2, –O3, and –O2-u0 (–O2 without loop unrolling). GCC is the compiler

bundled in Linux/IA-64 and Pro64 is the open source compiler developed by SGI.

ORCC is Open Research Compiler evolved from Pro64 and Intel C++ compiler is

a commercial compiler released by Intel Corporation. Table 2.1 lists the compilers

that we use in this experiment. The main reason for using various compilers is that

the performance of a program varies significantly with the compiler in VLIW/EPIC

architectures because scheduling decisions are made at compile time. The second

reason is that we try to observe the correlation between features of the compliers and

the performance benefits of STI.

The compiled programs are executed on an Intel Itanium processor running Linux

for IA-64. The processor features EPIC (Explicitly Parallel Instruction Computing),

predication, and speculation. It can issue a maximum of 6 instructions per clock cycle

and has 3 levels of caches, L1 16K data cache, L1 16K instruction cache, L2 96K uni-

fied cache, L3 2048K unified cache. It runs with 800MHz CPU clock rate and 200MHz
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Table 2.2: Itanium cycle breakdown categories

Categories Descriptions

Inh. Exe. (Inherent execution) Cycles due to the inherent execution of the pro-
gram

Inst. Acc. (Instruction access) Instruction fetch stalls due to L1 I-cache or TLB
misses

Data Acc. (Data access) Cycles lost when instructions stall waiting for
their source operands from the memory subsys-
tem, and when memory flushes arise

RSE (RSE activities) Stalls due to register stack spills to and fills from
the backing store in memory

Dep. (Scoreboard dependencies) Cycles lost when instructions stall waiting for
their source operands from non-load instructions

Issue Lim. (Issue limit) Dispersal break due to stops, port oversubscrip-
tion or asymmetries

Br. Res. (Branch re-steers) Cycles lost due to branch misperdictions, ALAT
flushes, serialization flushes, failed control spec-
ulation flushes, MMU-IEU bypasses and other
exceptions

Taken Br. (Taken branches) Bubbles incurred on correct taken branch predic-
tions

memory bus speed [58]. All experimental data are captured during execution with

the help of the Performance Monitoring Unit (PMU) in Itanium processor. The PMU

features hardware counters, which enable the user to monitor a specific set of events.

The software tool and library pfmon [73] use the PMU to measure the performance

(execution cycles or time), instruction per cycle (IPC), and cycle breakdown of the

procedures. All data are obtained by averaging results from 5 execution runs; there

is little variation among the data.

2.4 Experimental Results and Analysis

Two kinds of data are obtained to observe the performance and execution behavior

of the integrated threads.
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Speedup by STI CPU (execution) cycles of different versions of the respective tar-

get procedures are measured. Percentage performance improvement (speedup)

is plotted comparing the performance of the integrated version with the original

discrete one.

Speedup breakdown Every cycle spent on running program on Itanium can be

separated in two categories: The first is an ‘inherent execution cycle’, a cycle

used to do the real work of the program and the other is a ‘stall’, the cycles

lost waiting for a hardware resource to become available. The stall can be

also subdivided to seven categories: data access, dependencies, RSE activities,

issue limit, instruction access, branch re-steers, and taken branches. Table

2.2 shows how each category is related to the specific pipeline event [59]. We

measure the cycle breakdown of the each procedure for identifying the benefits

and bottlenecks of STI. From those data, we also derive and plot percentage

speedup breakdown showing from which categories a performance increase or

decrease occurs. By adding numbers of bars with the same color in that chart,

we find the overall speedup from STI. The categories which have positive bars

contribute to speedup, and those with negative bars cause slowdown.

Figure 2.2 shows the speedup of the three integrated procedures over the original

code without integration. This shows the variation in performance across all the

compilers. Integrated procedure clones increase performance in all but one case for

the first two experiments (FDCT and EOB). For EOB the “sweet spot” in thread

count (number of procedure copies in a clone) is two, while for FDCT it is three

for compilers other than the Intel compiler. IDCT shows a performance penalty for

integration with ORCC and the Intel compiler, while showing a speedup for GCC

and Pro64.

Figure 2.3 shows the sources of speedup (bars above the centerline) and slowdown

(below it) for each function. Cycle categories are listed from left to right as ordered in

Table 2.2. Most of the performance enhancement results from reducing issue-limited

cycles, showing how the compilers are able to generate better schedules when given

more independent instructions. Some improvement comes from data cache access
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as well. The major source of slowdown for IDCT is instruction access due to code

explosion, which exceeds the limits of the instruction cache (16 KBytes). In fact,

code expansion limits performance for all procedures; code size should be considered

when selecting procedures to clone and integrate.

Overall cjpeg program speedup reaches up to 11% over the best compiler (intel-

O2-u0) by selecting the best combination of the integrated clones. However, the djpeg

program suffers because of the previously mentioned code expansion and limited

instruction cache.

2.5 Conclusions

This chapter overviews a method for improving program run-time performance

by gathering work in an application and executing it efficiently in an integrated

thread. Our methods extend whole-program optimization by expanding the scope

of the compiler through a combination of software thread integration and procedure

cloning. These techniques convert parallelism at the procedure level to the instruction

level, improving performance on ILP uniprocessors. This is quite useful for media-

processing applications which feature large amounts of parallelism.

We demonstrate our technique by cloning and integrating three procedures from

cjpeg and djpeg at the C source code level, compiling with four compilers for the

Itanium EPIC architecture and measuring the performance with the on-chip perfor-

mance measurement units. When compared with optimized code generated by the

best compiler without our methods, we find procedure speedups of up to 17% and

program speedup up to 11%. Detailed performance analysis shows the primary bot-

tleneck to be the Itanium’s 16K instruction cache, which has limited room for the

code expansion introduced by STI.
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Chapter 3

STI Code Transformations for ILP

3.1 Introduction

Code transformation plays the most important role in software thread integration

(STI) for instruction level parallelism (ILP) because improvement of ILP comes from

moving instructions into the regions with idle execution resources. This chapter

presents a set of STI code transformation techniques to improve ILP when integrating

two procedures (or threads) on VLIW processors.

To achieve this goal, we have to consider two requirements. The first is that

different code transformations should be applied depending on the original code’s

instruction schedule because the instruction schedule is not uniform throughout the

code. The instruction schedule of integrated code depends on how effectively we move

the instructions in one thread to the other with available resources. The second is

that code transformations should complement existing instruction scheduling tech-

niques. Software pipelining (SWP) is a critical optimization for producing efficient

instruction schedule for VLIW processors in high-performance embedded applications

such as digital signal processing. However, software pipelining can suffer or fail when

confronted with complex control flow, excessive register pressure, or tight loop-carried
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dependences. In order to complement SWP, STI code transformations should take

advantage of cases where SWP performs poorly or fails.

In this chapter, we present the classification of code in terms of the control struc-

ture and instruction schedule, based on the software pipelining analysis. We propose

a method to determine when and by which transformations we integrate procedures

depending on the ILP characteristics of code to be integrated, driven by interac-

tions with software pipelining. We then show that the proposed STI code transfor-

mations significantly improve the instruction schedule and run-time performance of

the code, where software pipelining performs poorly or fails by integrating proce-

dures from Texas Instrument (TI) DSP/Image Libraries and executing them on a TI

TMS320C64x VLIW DSP.

This chapter is organized as follows. Section 3.2 describes our methods for analyz-

ing code and performing integration. Section 3.3 presents the hardware and software

characteristics of the experiments run, which are analyzed in Section 3.4.

3.2 Methods

Software pipelining is a critical optimization which can dramatically improve the

performance of loops and hence applications which are dominated by them. How-

ever, software pipelining can suffer or fail when confronted with complex control flow,

excessive register pressure, or tight loop-carried dependences. Software thread in-

tegration (STI) can often improve the performance of looping code in cases where

software pipelining performs poorly or fails. In this section, we present methods to

apply STI for improving the performance of looping code on a VLIW DSP.

3.2.1 Classification of Code

To examine the effects of SWP in a VLIW DSP, we investigate the schedules of

procedures from TI DSP and Image/Video Processing Libraries by compiling them

with the C6x compiler for the C64x platform [101, 102]. Among 92 inner-most loops in
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68 procedures, 82 are software pipelined by the compiler. Figure 3.1 shows instruction

per cycle (IPC) of the loop kernels before and after SWP. Loops are ordered by

increasing speedup by SWP. The vertical dotted line shows the boundary between

SWP-Good and SWP-Poor loops. The loops with large red circles are dependence

bounded.

Based on these measurements, we classify code in three categories based upon the

impact of software pipelining:

SWP-Good code benefits significantly from software pipelining, with initiation in-

terval (II) improvements of two or more. IPCs of these loop kernels are mostly

larger than 4.

SWP-Poor code is sped up by a factor of less than two using software pipelining.

The IPCs of these loop kernels mostly remain less than 4, except for the loops

which already had high IPCs before SWP.

SWP-Fail code causes attempts to software pipeline to fail.

Analysis of the pipelined loop kernels in the SWP-Poor category shows that IPCs

are low if Minimum Initiation Interval (MII) is bounded by Recurrence MII (RecMII)

rather than Resource MII (ResMII). These are called dependence bounded loops. The
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loops are resource bounded otherwise. In Figure 3.1, ten loops (emphasized with the

large red circles) are dependence bounded loops, and generally are SWP-Poor and

low-IPC loops.

There are various reasons for SWP-Fail loops: (1) A loop contains a call which

can not be inlined, such as a library call. (2) A loop contains a control code which

can not be handled by predication. (3) There are not enough registers for pipelining

loops because pipelined loops use more registers by overlapping multiple iterations.

(4) No valid schedule can be found because of resource and recurrence restrictions.

3.2.2 Applying STI to Loops

Our goal in performing STI for processors with support for parallel instruction

execution is to move code regions to provide more independent instructions, allow-

ing the compiler to generate a better schedule. As loops often dominate procedure

execution time, STI must distribute and overlap loop iterations to meet this goal.

In STI, multiple separate loops are dealt with using combinations of loop jamming

(fusion), loop splitting, loop unrolling and loop peeling. The characteristics of both

the loop body and the surrounding code determine which methods to use. Figure

3.2 illustrates representative examples of code transformations for loops. It shows

control flow graphs of original and integrated procedures before and after STI code

transformations for loops: (a) Loop jamming + loop splitting, (b) Loop unrolling +

loop jamming + loop splitting, (c) Loop peeling + loop jamming + loop splitting.

loop jamming+splitting works by jamming both loop bodies then leaving the orig-

inal loops as ‘clean-up’ copies for remaining iterations. This is appropriate when

both loop bodies have low IPC. The jammed loop has a better schedule than

the original loops.

loop unrolling+jamming+splitting works by unrolling one loop then fusing two

loop bodies. This transformation is beneficial when two loops are asymmetric

in terms of size as well as IPC. The best unroll factor is approximated by

considering both iteration counts and instruction schedules of the loops.
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loop peeling+jamming+splitting works by peeling one loop then merging peeled

operations into code before or after the other loop and jamming the remaining

iterations into the other loop body. This transformation is efficient when there

are many long-latency instructions before or after a loop body.

Conditionals which can not be predicated and calls which can not be inlined

are major obstacles to software pipelining, and hence can limit the performance of

applications. STI can be used to improve this code. Figure 3.3 illustrates code trans-

formation examples for the loops with conditionals and calls. It shows control flow

graphs of original and integrated procedures before and after STI code transforma-

tions for loops with conditionals and calls: (a) if-else + if-else, (b) switch-4 + call,

(c) call + call.

Examples in this figure only show control flows of jammed loops for simplicity.

When integrating conditionals, all conditionals are duplicated into the other basic

blocks. For example, when integrating one if-else with another if-else, both if-else

blocks in one procedure are duplicated into both if-else blocks in the other, which

results in 4 if-else blocks as shown in Figure 3.3(a). Since resulting basic blocks after

integration have both sides of code, the compiler generates a better schedule than

when they exist as separate basic blocks. When integrating calls, they are treated

like regular statements. Figure 3.3(c) shows the case when integrating a call with

another call. Though there is no duplication involved, the resulting code is easier

to schedule in that the compiler can find more instructions to fill branch delay slots

before calls. Figure 3.3(b) shows the case when integrating conditionals with a call

applying the combination of these transformations.

The loop transformations presented above are used based upon the code charac-

teristics which determine software pipelining effectiveness. Table 3.1 presents which

transformations to use for a certain combination of code regions A and B based on

code characteristics. SWP-Poor, SWP-Fail loops and acyclic code are the best can-

didates for STI, as these typically have extra execution resources. Integrating an

SWP-Good loop with the same type of loop is not generally beneficial because jam-

ming both loops is not likely to improve the schedule of the loop kernel. An SWP-Poor
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Table 3.1: STI code transformation matrix

B
A SWP-Good SWP-Poor SWP-Fail

SWP-Good Do not apply STI STI: Unroll A and jam

SWP-Poor STI: Unroll B and jam
STI: Unroll loop with 

smaller II and jam

SWP-Fail
STI: Duplicate 

conditionals and jam
STI: Code motionAcyclic

Acyclic

STI: Loop peeling

STI: Loop peeling

Loop

Loop

Do not apply STI

Do not apply STI

loop can be used with either SWP-Poor or SWP-Good loops to improve the sched-

ule of the loop kernel by loop jamming. Applying unrolling to SWP-Good loops

before loop jamming is useful for providing more instructions to use extra resources

in an SWP-Poor loop. Integrating an SWP-Fail loop with either an SWP-Good or

SWP-Poor loop should be avoided because jamming those two loop bodies breaks

software pipelining of the original loop. An SWP-Fail loop can be integrated with

another SWP-Fail loop by duplicating conditionals if any exist. Acyclic code can be

integrated with looping (cyclic) code by loop peeling. Lastly, code motion enables

integration by moving code in an acyclic region to another acyclic region.

The method how we apply these transformations to the actual code which includes

arbitrary control flow and ILP characteristics is described in Chapter 4.

3.3 Experiments

In this section, we examine whether STI complements software pipelining by per-

forming STI to various combinations of looping code.

3.3.1 Target Architecture

Our target architecture is the Texas Instruments TMS320C64x. From TI’s high-

performance C6000 VLIW DSP family, the C64x is a fixed-point DSP architecture

with extremely high performance. It implements VelociTI.2 extensions in addition to
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the basic VelociTi architecture.

The processor core is divided into two clusters which have 4 functional units and

32 registers each. A maximum of 8 instructions can be issued per cycle. Memory,

address, and register file cross paths are used for communication between clusters.

Most instructions introduce no delay slots, but multiply, load, and branch instructions

introduce 1, 4 and 5 delay slots respectively. C64x supports predication with 6 general

registers which can be used as predication registers. Figure 3.4 shows the architecture

of C64x processor core [99].

C64x DSPs have a dedicated level-one program (L1P) and data (L1D) caches of

16Kbytes each. There are 1024Kbytes of on-chip SRAM which can be configured

as a memory space or L2 level cache or both. In our experiments, we use on-chip

SRAM as a memory space only. L1P and L2D misses latencies are a maximum 8 cycle

and 6 cycles each. Miss latencies are variable due to miss pipelining, which overlaps

retrieval of consecutive misses [103].
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3.3.2 Compiler and Evaluation Methods

We use the TI C6x C compiler to compile the source code. Original procedures

and integrated ones are compiled together with C6x compiler option ‘-o2 -mt’. The

option ‘-o2’ enables all optimizations except interprocedural ones. The option ‘-mt’

helps software pipelining by performing aggressive memory anti-aliasing. It reduces

dependence bounds (i.e. RecMII) as small as possible thus maximizing IPC of soft-

ware pipelined loops. The C6x compiler has various features and is usually quite

successful at producing efficient software-pipelined code. It features lifetime-sensitive

modulo scheduling [54], which was modified to change resource selection and support

multiple assignment code [93], and code size minimization by collapsing prologs and

epilogs of software pipelined loops [40].

For performance evaluation we use Texas Instruments’ Code Composer Studio

(CCS) version 2.20. This program simulates a C64x processor with the memory

system listed above and provides a variety of cycle counts for performance evaluation

as follows [98].

stall.Xpath measures stalling due to cross-path communication within the proces-

sor. This occurs whenever an instruction attempts to read a register via a cross

path that was updated in the previous cycle.

stall.mem measures stalling due to memory bank conflicts.

stall.l1p measures stalling due to level 1 program (instruction) cache misses.

stall.l1d measures stalling due to level 1 data cache misses.

exe.cycles is the number of cycles spent executing instructions other than stalls

described above.

3.3.3 Overview of Experiments

Figure 3.5 shows an overview of the experiments conducted. Original procedures

are integrated constructing different combinations in terms of code characteristics.
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Each original and integrated procedure is compiled and its performance is measured

with TI CCS. Procedures are classified in terms of the characteristics of loops inside.

Integrated procedures are written manually in C using code transformation tech-

niques described in Section 3.2.2, constructing different combinations of code. Only

combinations of looping code are examined in this work.

For the code where SWP succeeds, we use procedures from the TI DSP/Image

Libraries provided with TI CCS. First, we examine integration of SWP-Poor code.

Procedures which include dependence bounded loops – DSP iir(iir), DSP fft(fft),

IMG histogram(hist) and IMG errdif bin(errdif) – are integrated with themselves us-

ing loop jamming. Resulting integrated procedures (with postfix sti2 ) take two dif-

ferent sets of input and output data and work exactly the same as calling the original

procedure twice. We assume the parameters, which determine the number of loop

iterations, are the same to focus on the effects of transformed code. Therefore, in-

tegrated procedures do not include copies of original loops – ‘clean-up’ loops – but

only jammed loops. Having clean-up loops would affect the performance. However,

if most iterations are performed by the jammed loops, its influence would be neg-

ligible. In order to compare the effects of STI, we also write integrated procedures

with SWP-Good loops. Three procedures – DSP fir gen(fir), IMG fdct 8x8(fdct)

and IMG idct 8x8 12q4(idct) – are randomly chosen for this purpose.

Second, we examine integration of SWP-Poor and SWP-Good code. We choose

combinations of procedures with dependence bounded loops – iir and errdif and ones

with high-IPC resource bounded loops – fir and IMG corr gen(corr). In addition to

basic loop jamming, loop unrolling is used by increasing unroll factors up to 8. The

inner loops of fir and corr are unrolled by 2, 4 and 8 (with postfix u2, u4 and u8 ) then

jammed into the inner loops of iir and errdif respectively. The number of iterations

of the inner loops are adjusted so that every iteration runs in the jammed loops hence

removing the need for clean-up loops.

For the cases where SWP fails, we build two sets of synthetic benchmarks which

characterize the reasons of SWP failures. Synthetic benchmarks represent loops with

large conditional blocks and function calls, which cause SWP to fail. The control flow

graphs of these procedures appear in Figure 3.3. The first set of benchmarks (with
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prefix s1 ) is constructed with the basic unit of mix of simple operations like the inner

loop body of fir. Since a simple if-else conditional will be predicated by the compiler, a

switch-4 (four-way switch) is used for conditional blocks (s1cond). For function calls,

we insert a modulo operation inside the loop, which leads to a library function call

(s1call). The second set (with prefix s2 ) is composed of a larger unit block with more

instructions from the fft loop. An if-else conditional is used (s2cond) and a modulo

operation is inserted for function calls (s2call). For each set of benchmarks, three

integrated procedures are written. Two procedures are integrated with themselves

(with postfix sti2 ) and one procedure is integrated with the other (s1condcall and

s2condcall). As in previous experiments, the same numbers of loop iterations are

assumed.

A simple main function is written for each integrated procedure. They initialize

variables and call the two original procedures or the equivalent integrated procedures.

In general, input data items are generated randomly but those determining control

flows are manipulated so that the control flows take each path equally and alternately.

After running programs in CCS, we measure cycle counts spent on original procedures

and integrated clones. For each case we perform a sensitivity analysis, varying the

number of input items. This changes the balance of looping vs. non-looping code

(which includes prolog and epilog code).

3.4 Experimental Results and Analysis

For each integrated procedure, we measure the cycles of the original and inte-

grated procedure as we increase number of input data items. Three sets of data are

used for each integrated procedure. Speedups of integrated procedures over original

ones are plotted in Figure 3.6. Each line corresponds to speedup of the integrated

procedure over original procedures by increasing number of input items. By measur-

ing cycle breakdown as discussed in Section 3.3.2, we divide the whole speedup into

five categories: stall.mem, stall.Xpath, stall.l1d, stall.l1p and exe.cycles. As shown in

Figure 3.7, bars above the 0% horizontal line correspond to sources of speedup and
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bars below it correspond to sources of slowdown. Code sizes of original and integrated

procedures are presented by Figure 3.8.

3.4.1 Improving SWP-Poor Code Performance

Figure 3.6(a) shows speedups of SWP-Poor code when procedures are integrated

with themselves. Speedups of SWP-Good code are also shown with dotted lines for

reference. The procedures with SWP-Poor code, which have dependence bounded

loops, generally show speedups larger than 1 regardless of number of input items

except fft. On the other hand, integration is not beneficial for the procedures with

SWP-Good code, except for fdct.

Figure 3.7(a) identifies sources of speedup and slowdown. Most of the performance

improvement comes from exe.cycles. These cycles are reduced by improved execution

schedules due to integration. In cases except fft, schedule cycle counts of software

pipelined loops in integrated procedures are improved significantly. Only fft does not

achieve a speedup from exe.cycle because one software pipelined loop in the original

procedure is no longer software pipelined after integration. This can happen for loops

with a large number of instructions because SWP scheduling algorithm suffers with

excessive register pressure and complex dependence between instructions. Stalls other

than stall.Xpath increase after integration. The increase of stall.l1p is expected in that

integration forces code size to increase. stall.l1d does not increase except for fft, where

performance is significantly affected. Stalls from memory bank conflicts increase in

all cases. We expect that this is caused by the compiler’s tendency to align the same

types of arrays in the same way. Since accesses to arrays with the same index happen

simultaneously in integrated procedures, they cause more memory bank conflicts.

SWP-Poor code is improved by integrating it with SWP-Good code as well as

with SWP-Poor code. Figure 3.6(b) shows speedups by integrating fir with iir and

corr with errdif by applying loop unrolling and loop jamming. Solid lines show

the best speedup obtained when unrolling SWP-Good loops by 8 then jamming into

SWP-Poor loops for both fir+iir and corr+errdif. Dashed lines show speedup of non-

optimal versions of integrated procedures. Applying unrolling to SWP-Good loops
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before jamming it with SWP-Poor loops significantly improves performance of inte-

grated procedures. Increasing unroll factors consistently increase speedups because

instructions from SWP-Good loops fill free empty slots in the schedule of SWP-Poor

loops. Figure 3.7(b) verifies that integrated procedures get huge benefits from the

improved schedule when applying loop unrolling on top of loop jamming. The impact

of stalls is not as consistent as the cases when integrating SWP-Poor code with it-

self. This is because instructions added by unrolling are not completely independent.

Some operations such as memory references can be reused hence reducing the total

number of operations. For an example, stall.mem decreases after integration contrary

to the results in Figure 3.6(a). This is due to the reduced number of total memory

accesses by unrolling.

3.4.2 Improving SWP-Fail Code Performance

Figure 3.6(c) shows speedups after integrating SWP-Fail code with SWP-Fail code.

All cases but s2cond show reasonable speedups over various input items. The cases

when integrating a conditional code with the same type – s1cond and s2cond – show

linear speedups by increasing number of input items. It proves that loops suffer non-

recurring stalls such as program cache misses. Figure 3.7(c) shows the same pattern as

Figure 3.7(a) in that most speedup comes from the improved schedule while stalls are

sources of slowdown. However, the positive impact is smaller and the negative impact

is bigger hence resulting in smaller speedup numbers. Integrating a conditional with

the same type improves the schedule dramatically as well as increasing stalls because

duplication increases the sizes of basic blocks significantly.

3.4.3 Impact of Code Size

Code size generally increases after integration and the performance is affected by

more program cache misses. Figure 3.8(a) shows code size changes when integrating

the procedures with themselves. Each bar shows the code size of the original or inte-

grated procedure. Each number above the bars calculate code size increase ratio. The
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procedures which contain conditional codes – s1cond and s2cond – have significant

code size increases because conditional blocks are duplicated into multiple cases as

shown in Figure 3.3. iir also shows significant code size increase due to the long SWP

loop epilog. Other than these, code size increase is less than factor of 2. The absolute

code sizes remain smaller than the size of the program cache (16Kbytes). Figure

3.8(b) presents code size changes when integrating different procedures. The first 2

bars show the code sizes of the original procedures (f1 and f2 ) and the third shows

their sum (sum). The rest of bars show code sizes of different integrated procedures

written by ‘loop jamming’ (f1 f2 ) and ‘loop unrolling + loop jamming’ (f1ux f2 ).

Each number above the bars calculate code size increase ratio to code size sum. If

there is no conditional, the code sizes of the integrated procedures are smaller than

the total code sizes of original procedures as shown in fir+iir and corr+errdif cases.

However, increasing unroll factors causes more code size increase and make it the

same as the total code size.

3.5 Conclusions

In this chapter, we present and evaluate methods which allow software thread

integration to improve the performance of looping code on a VLIW DSP. We find

that using STI complements software pipelining. Loops which benefit little from

software pipelining (SWP-Poor) speed up by 26% (harmonic mean, HM). Loops for

which software pipelining fails (SWP-Fail) due to conditionals and calls speed up by

16% (HM). Combining SWP-Good and SWP-Poor loops leads to a speedup of 55%

(HM). Performance enhancement comes mainly from a more efficient schedule due

to greater instruction-level parallelism, while it is limited primarily by memory bank

conflicts, and in certain cases by program cache misses.
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Chapter 4

Modeling for Efficient STI

4.1 Introduction

STI code transformations for ILP introduced in the previous chapter address how

to complement and reinforce software pipelining by selectively applying STI code

transformations based upon characteristics of two loops. Each loop’s assembly code

is examined to characterize the loop based upon speedup from SWP and whether

dependence bounds and complex control flow limit SWP’s effectiveness. A trans-

formation rule matrix is examined based upon characteristics of the two loops to

determine whether to integrate, and if so, how. These methods use a general test

which provides a yes/no answer to whether to integrate, and high-level information

on which methods to use. However, they do not estimate the performance of the

integrated code, limiting the ability to objectively rank potential combinations of

loops.

This is important because the number of possible integration scenarios increases

significantly as the complexity of threads grows. For example, let’s assume the case

where Thread 1 and Thread 2 are composed of 4 loops and 2 loops respectively.

Depending on which loops are integrated, there are numerous possible integration
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scenarios as shown in Figure 4.1. There are 14 different integration scenarios (8

with one integrated loop, 6 with two integrated loops) in this case. Without any

guidance, all 14 integration scenarios should be examined by repeating 14 cycles of

integrate/compile/analyze sequences for determining which is the best.

In order to avoid such exhaustive iterations, we incorporate two ideas. The first

idea is to quantitatively estimate the performance impact of integration, allowing

various integration scenarios to be compared and ranked, leading to more efficient in-

tegration. This is a difficult problem because of complexity in both the hardware and

the compiler for modern processors (the Texas Instruments TMS320C64x DSP in this

case). Software pipelining, predication, branch and load delay slots and limited re-

sources all complicate the prediction of the impact of integration and software pipelin-
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ing. We rely on resource modeling, emulating list scheduling and modulo scheduling

(via pseudo-scheduling) and take into account register pressure and machine features

such as predication, and compensate for compiler optimizations as needed.

The second idea is to use these quantitative estimates to guide the alignment of

regions in two procedures to yield the fastest code with a small number of iterative

compilation cycles. This iterative approach allows inaccuracies in the static perfor-

mance estimation to be corrected quickly. We demonstrate the methods using code

examples from the Texas Instruments DSP and Image/Video Processing Libraries and

MiBench. We find that our approach effectively identifies good integration strategies.

This chapter is organized as follows. Section 4.2 describes the methods for analysis,

estimation, code transformation and iterative compilation. Section 4.3 presents the

hardware and software characteristics of the experiments run, which are analyzed in

Section 4.4.

4.2 Methods

Software thread integration (STI) is essentially procedure jamming with intrapro-

cedural code motion transformations which allow arbitrary alignment of instructions

or code regions. This alignment allows code to be moved to use available execution

resources better and improve the execution schedule. In Chapter 2, we investigated

how to select and integrate procedures to enable conversion of coarse-grain parallelism

(between procedures) to a fine-grain level (within a single procedure) using procedure

cloning and integration.

For this work, we focus on an efficient method for finding the best integrated

procedure from two independent procedures when there are multiple possible sce-

narios. The proposed method addresses the problem of integrating two independent

procedures with arbitrary control flow and ILP characteristics. However, it can be

extended to more complicated threads with subroutine call hierarchies and partial

data and timing dependencies. These extensions are discussed in Section 4.2.7.

Integration begins with an appropriate representation of original procedures. Analy-
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sis of the compiled code provides useful information to identify potentially profitable

code combinations. After defining the design space for possible integration scenarios,

we develop an efficient searching technique to find the best scenario by incorporating

static estimation with iterative compilation.

4.2.1 Program Representation

STI uses the control dependence graph (CDG, a subset of the program dependence

graph [31]) to represent the structure of the program: its hierarchical form simplifies

analysis and transformation. CDGs are constructed for both host and guest (or

secondary and primary) threads to move code from the guest thread to the host

thread. Since the STI code transformations have been traditionally done at the

assembly language level, the CDGs have been constructed from (compiler-generated)

assembly code [25].

For this work, we use transformations at the C source level to avoid duplicating

the complexity of a VLIW compiler [87, 88]. For transformation consistency, the CDG

is constructed from the source code. In order to do this, we modify some definitions

in the original CDG and redefine the graph as the Simplified CDG (SCDG). We limit

our scope to structured source code because most C code is structured and most

non-structured code can be converted into structured code. The rules to construct

the SCDG follow:

1. A list of C statements without control flow change forms a code node. A sub-

routine call is not considered to be control flow change.

2. A loop statement (for, while, do-while) forms a loop node and a child node

containing statements inside a loop body. The loop type, loop-entry condition

and loop incremental expression are stored as attributes of a loop node, if any

exist.

3. A conditional statement (if, if-else, switch-case) forms a predicate node and

child nodes, each of which contains conditionally executed statements. The
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procA {
S1;
if (P1) S2;
else S3;
for (L1) {
S4;
if (P2) {
for (L2) S5;

} /* endif */
S6;

} /* endfor */
}

Code
Predicate
Loop

Key

S1

S4 S6

L1

procA

P1

S2 S3 P2

S5

L2

Figure 4.2: Example C source code and corresponding SCDG

conditional type and condition expressions are stored as attributes of a predicate

node.

4. The graph is constructed hierarchically by applying these rules repeatedly.

Figure 4.2 shows the example C source code and the corresponding SCDG. The

S1,S2,...,S6 labels can represent a list of multiple statements as well as a single state-

ment. The leaf code nodes which contain statements identify the code regions which

can be integrated. Though predicate and loop nodes have corresponding C source

expressions (P1, P2, L1 and L2), the impact of this code is mostly negligible because

it includes considerably less source code than code nodes do, and we therefore do not

expand these expressions.

4.2.2 Schedule Analysis

By analyzing the assembly code generated by the target compiler after compi-

lation, we extract useful information for efficient integration. This information is

annotated into the SCDG and guides the following steps.
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Schedule and profile information

After the original procedures are compiled separately, the assembly code for both

procedures is obtained. For analysis, the instructions are divided into basic blocks

(BB). We do not treat a subroutine call as a branch instruction for consistency with

the previous step. By analyzing assembly code for each basic block, the following

information is obtained:

1. Basic schedule information per basic block: number of scheduled cycles (i.e.

schedule cycle count) and number of instructions

2. Software pipelining (SWP) information for every inner-most loop: Resource

Minimum Initiation Interval (ResMII) and Recurrence Minimum Initiation In-

terval (RecMII), reason of SWP failure if SWP fails

3. Resource usage per cycle: instruction and its resource usage

4. Register usage per basic block: registers accessed regardless of use and definition

It is possible to construct a control flow graph (CFG) from the assembly code.

Based on the CFG and the schedule cycle count of each BB, the static execution

time (SET) of each procedure is computed. The SET of sequence of BBs is sum of

their schedule cycle counts. If a BB is inside a loop, the SET is the product of its

schedule cycle count and loop count. If a BB is conditionally executed, the SET is the

product of the schedule cycle count and branch fraction. If it contains a subroutine

call, we ignore cycles spent on the callee. Therefore, the SET of the whole procedure

is summarized by the following equation:

SETprocA =
∑

bbi∈BB
sbbifbbinbbi (4.1)

where BB is a set containing all basic blocks of the procedure, bbi is an element in the

set BB and sbbi , fbbi , nbbi represent the schedule cycle count, the execution fraction

and the execution count of the bbi respectively.

Since the execution count (n) and the execution fraction (f) are determined at

run time in most cases, the execution profile is necessary to compute the SET. If
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the given profile is completely consistent with the actual run, the SET represents the

actual run time. A discrepancy between the profile and the actual run may cause the

SET and actual run time to differ. Besides the SET, the following steps are affected

because they also use the profile to compute profitability. However, it is a common

weakness of profile guided optimizations rather than one specific to this method.

If the execution profile is not provided, we can generate it based on static predic-

tion or estimation schemes. For example, we can treat every if-else conditional body

equally by setting f to 0.5. Looping code can have higher impact than the other

code by fixing n to a certain number, which is considered as priority of loops over

acyclic code. The following steps guided by this profile lead to the improvement of

the average case instead of the specific case of the provided execution profile.

Modification and annotation of SCDG

In order to use the information from schedule analysis and profiling to guide

integration, the information is annotated to the SCDGs of both procedures. Since

the SCDG is constructed from the C source code while the information for each

basic block is extracted from the assembly code generated by the target compiler,

the SCDG must be modified to reflect possible control flow changes caused by the

compiler optimizations.

The first source of this change is the compiler’s front-end optimizations. The

compiler may unroll loops with a fixed number of iterations and a small loop body.

If loop unrolling is applied, the SCDG is modified to match with the assembly code.

If any other front-end optimizations are performed, the appropriate transformation

is followed. The second source is predication. The compiler tries predication for

conditionals if there is architectural support. If conditionals are predicated, they no

longer cause a control flow change, hence they are treated as one statement during

code transformation. This causes the predicate node and its child nodes to be merged

into the parent code node or constructed as a separate code node.

Once the control flow of the SCDG and the assembly code are consistent, we an-

notate each code node in the SCDG with the schedule and profile information given
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by the previous step. Matching a code node in the SCDG with a BB in the assembly

code is often nontrivial because the assembly code has undergone numerous optimiza-

tion phases. The compiler optimizations can change control flow as a byproduct of

optimization. For example, when a loop is software pipelined, the compiler may gen-

erate two separate loops, one SWP loop and one prolog non-SWP loop, if the SWP

loop requires minimum number of iterations and the loop count is unknown. Some

optimizations may move instructions to near or even further blocks. For instance,

loop invariant code motion can move operations inside the loop outside. Global in-

struction scheduling techniques can move instructions beyond basic block boundaries

so that the boundaries between statements in the source code become ambiguous

after the code is scheduled. Hence, there is no ‘perfect’ one-to-one mapping between

code nodes in the SCDG and BBs in the assembly code.

The ‘best’ mapping is pursued by choosing the BB which has the most influence

in terms of performance. For a code node under a loop node, only the loop body

is considered. When a loop is software pipelined, the SWP kernel is used while the

prolog and epilog are ignored. If the prolog non-SWP loop is generated as the result

of SWP, it is also ignored. This simplification implies that we care about the schedule

which has the most impact on the performance when the loop iterates enough number

of times.

For a code node under a predicate node, the BB with the most instructions which

correspond to the code node is selected. There are two code generation styles for

conditional statements. The compiler prefers a multi-way branch with a jump table

when there are multiple conditional bodies more than a certain threshold. This

mostly corresponds to a switch-case statement. In this case, each branch target

basic block can be matched with a code node under the predicate. Otherwise, the

compiler generates cascade branches for the conditional statement such as a simple

if-else statement. In that case, the target BBs of the final conditional branches are

matched with the code nodes. Since the code order can be reversed after compilation,

annotation process should identify the right basic block which corresponds to a code

node. Remaining code nodes are matched with the rest of BBs in the assembly code

by choosing in-between BBs.
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4.2.3 Definition of Alignment Set

There are numerous possible integration scenarios depending on number of code

nodes and their control and data dependencies. For efficient exploration, we first

define the design space for this problem. Each integration scenario corresponds to a

certain alignment of code nodes from two procedures, which determines which nodes

are integrated with each other and which nodes are left unchanged. A combination

indicates a pair of code nodes integrated with each other. Therefore, an alignment

includes at least a single combination of code nodes. Let RA and RB denote the code

node sets for procedure A and B respectively.

RA = {a1, a2, ..., am}, RB = {b1, b2, ..., bn}

where a1, ..., am and b1, ..., bn represent the code nodes in procedure A and B respec-

tively. Let CAB denote the set including all combinations, and LAB denote the set

including all alignments for procedure A and B.

CAB = {(a1, b1), (a1, b2), ..., (am, bn)} = RA ×RB

LAB = {{(a1, b1)}, {(a1, b1), (a2, b2)}, ..., {(am, bn)}}
= {x|x ⊂ CAB and x 6= ∅ and x is legal.}

The combination set CAB is the product set of RA and RB. Each element in the

alignment set LAB is a subset of CAB which is legal. Being legal means that two

distinct combinations in one alignment do not violate data and control dependencies

of the original code. If we conservatively assume that succeeding statements in the

original code are always data-dependent on preceding statements and code nodes are

supposed to run sequentially in their index orders, it can be rephrased into following

two conditions: two distinct combinations in one alignment (1) neither include the

same code node (2) nor change the original order of the code nodes. For example,

{(a1, b1), (a1, b2)} is not legal because two combinations include the same code a1.

The code a1 can not be divided into b1 and b2 arbitrarily due to possible data depen-

dency and control flow difference between them. The subset {(a1, b2), (a2, b1)} is also

not legal because the order of a1 and a2 forces b1 and b2 to be reversed. While we
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conservatively assume the order determines the data dependence, the condition could

be relaxed using data flow analysis. Depending on the control dependencies of code

nodes in the combinations, the conditions become more complicated. Actual defini-

tion of the complete alignment set containing all possible legal alignments is achieved

by construction of a decision tree, which represents each alignment as a series of in-

tegration decisions, combined with hierarchical SCDG transformation. Details about

this process are discussed in Section 5.3.2.

Though STI code transformation enables arbitrary combinations of code nodes,

allowing all possible combinations results in explosion of the alignment set size. The

number of combinations increases quadratically (i.e. n(CAB) = n(RA) × n(RB) =

mn) and the upper bound of the number of alignments increases exponentially (i.e.

mn ≤ n(LAB) < 2mn) with the number of code nodes.

In order to reduce the number of alignments, we first include only combinations

of code nodes under loop nodes (i.e. cyclic code) in the alignment set, as this code

dominates performance. The combinations of other code nodes which are not under

loop nodes (i.e. acyclic code) are examined after finding the best alignment of cyclic

code. Second, we exclude combinations which have an extremely low probability of

speedup such as SWP and non-SWP loop combinations.

4.2.4 Static Profitability Estimation

The alignment set given by the previous step defines the design space for integra-

tion. If the size of the alignment set is small, it is not hard to examine all possible

scenarios by compiling all integrated procedures. However, it is quite inefficient if

there are numerous possible alignments. Therefore, it is necessary to prioritize align-

ments based on an integration profitability measure.

Static profitability estimation is a modeling method for estimating profitability of

a certain alignment. Since we are interested in improving run-time performance by

integration, the appropriate measure of profitability is execution cycle count reduc-

tion. For modeling, we assume the following: (1) Only the parts of code which have

changed after integration (i.e. integrated code nodes) influence the execution cycle
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count. (2) Overall profitability of a certain alignment is sum of profitability of code

combinations included in the alignment. If the alignment li ∈ LAB includes multiple

combinations c1, ..., cn (i.e. li = {c1, ..., cn}), the estimated profitability (EP) for this

alignment is given by sum of the profitability of each combination:

EPi =
∑

ck∈li
pck (4.2)

The profitability of a certain code combination (pck) depends on two factors: (1)

The schedule cycle count reduction by integration of code nodes (∆sck) and (2) the

impact of the integrated code on execution cycle count. The first is determined by

how the compiler schedules the integrated code and the second is the product of the

execution fraction(fck) and the execution count (nck). If ai ∈ RA, bj ∈ RB denote

code nodes to be integrated and ck = (ai, bj) ∈ CAB denote the combination of those,

the estimated profitability of the combination ck (pck) is computed by the following

equations:

fck = faifbj (4.3)

nck = min(nai , nbj) (4.4)

∆sck = sai + sbj − sck (4.5)

pck = ∆sckfcknck (4.6)

where fai , fbj , fck are the execution fractions, nai , nbj , nck are the execution counts,

and sai , sbj , sck are the schedule cycle counts of ai, bj, ck respectively.

Pseudo-scheduling

Since the schedule (sai , sbj) and profile (fai , fbj , nai , nbj) information are already

provided, the only unknown variable is the schedule cycle count of the combination

(sck). The schedule of integrated code depends on various characteristics of two code

nodes such as instruction and cycle counts, used registers and their usage patterns,

data dependencies between instructions and so on. Since it is almost impossible to

predict the accurate schedule without performing scheduling, we propose a method
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called pseudo-scheduling to estimate the schedule cycle count of the integrated code.

Pseudo-scheduling emulates list scheduling and modulo scheduling for fast estimation.

A similar approach which uses dependence and resource bounds is found in [118].

Since VLIW machines use static instruction scheduling, the schedule is embedded

in the assembly code. We convert the instruction schedule of each BB into the resource

map (RM), a table where number of rows is the schedule cycle count and number of

columns is the number of functional units (FU). For each instruction in a BB, there

is a mapping between the issued cycle and the issued FU. According to this mapping,

each instruction is assigned to a certain entry of the table. Therefore, free spaces in

the RM represent idle issue slots in the resulting schedule.

Given resource maps from two code nodes, pseudo-scheduling constructs the sched-

ule of integrated code by moving instructions in one resource map to the idle slots

in the other one. Two restrictions are applied during this process. The first one

is resource compatibility. In most architectures, instruction and FU types are tied.

Depending on its type, an instruction can be issued only to a certain FU or subset

of FUs. For a TI C64x DSP, we limit compatibility between different FU types in

the same cluster (intra-cluster compatibility) while we allow compatibility between

the same FU types in different clusters (inter-cluster compatibility). The second

restriction is the data dependencies between instructions. We force instructions to

maintain the same cycle distance between them after they are moved to the other

resource map. We conservatively apply this restriction even though some instructions

are independent. Dataflow analysis would loosen this constraint.

For software pipelined (SWP) loops, the method above does not make sense be-

cause instructions from different iterations are overlapped in the SWP kernel. There-

fore, we use a specialized pseudo-scheduling method for SWP loops based on modulo

scheduling algorithm. In modulo scheduling, the schedule cycle count of a SWP loop

kernel (Initiation Interval (II)) is constrained by the Minimum II (MII). The MII is

the maximum of Resource MII (ResMII) and Recurrence MII (RecMII), where the

RecMII is determined by the length of recurring dependency and the ResMII is a

function of the number of instructions which uses each resource. For ResMII, we use

a Resource Vector (RV), where each element is the number of instructions which uses
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a specific resource. The number of elements in a RV and the function for computing

ResMII (ComputeResMII ) are architecture dependent. For a TI C64x DSP, there are

20 types of resources involved in ResMII [104].

Besides ResMII and RecMII, the final II depends on the complexity of instruction

sequence because the II is determined after the compiler finds a valid SWP schedule.

While II is equal to MII when the compiler find a schedule on the first try, II becomes

larger than MII as it experiences more trouble to find one. The difference between II

and MII (i.e. II - MII) grows with the complexity of the instruction sequence, which

generally rises with more instructions, more dependencies between instructions, and

more register pressure.

For SWP loops, we estimate the cycle count of the integrated code by predicting

RV, ResMII, RecMII, and II. ResMII is computed from the vector summation of two

RVs while RecMII is the maximum of two RecMIIs. The final II is estimated by the

sum of MII and (II - MII) of the original loops to reflect the schedule complexity in

the original code. The following equations summarize the pseudo-scheduling method

for software pipelined loops to estimate the schedule cycle count of the integrated

code (sck).

ResMIIck = ComputeResMII(RVck) where RVck = RVai +RVbj

RecMIIck = Max(RecMIIai , RecMIIbj)

MIIck = Max(ResMIIck , RecMIIck)

sck = IIck = MIIck + (IIai −MIIai) + (IIbj −MIIbj)

For cyclic code combinations, loop unrolling can be applied prior to loop jamming,

what we call ‘loop unrolling + jamming’ transformation. This is powerful in the cases

where two loops are asymmetric in terms of loop counts and instruction schedule as

discussed in Section 3.2.2. Loop unrolling is applied to the loop which has a larger

iteration count because unrolling a loop with a smaller iteration count would decrease

the execution count of the integrated loop. For profitability estimation, Equation (4.4)



62

and (4.5) are slightly modified as follows:

nck = min(bnai/uc, nbj) (4.7)

∆sck = u× sai + sbj − sck (4.8)

where u denotes the unroll factor, assuming unrolling is applied to ai.

The schedule of the integrated code after ‘loop unrolling + jamming’ is also esti-

mated by pseudo-scheduling assuming that the schedule of unrolled code is an identi-

cal replicate. The cycle and instruction counts are doubled and the identical resource

map (RM) is duplicated after the original one. For a software pipelined loop, the

resource vector (RV) and recurrence MII (ResMII) are doubled. After the schedule

of the unrolled code is predicted, pseudo-scheduling estimates the schedule of the in-

tegrated code in the same way. Multiple unroll factors are examined by doubling the

unroll factor up to u = bnai/nbjc × 2 when nai > nbj . (Otherwise, nai , nbj are inter-

changed.) Only 2n unroll factors are allowed because unrolling transformation adds

an integer division operator, which introduces a subroutine call unless an operand

is 2n as shown in Figure 4.3(b). After repeating estimation for multiple unroll fac-

tors, the best unroll factor is chosen for each loop combination, which results in the

maximum estimated profitability.

Register pressure estimation

Since pseudo-scheduling moves instructions from one resource map to the other

without considering additional register pressure caused by integration, it ignores the

possibility that the compiler may generate different or more instructions to resolve the

register conflict. Hence the schedule obtained by pseudo-scheduling is usually better

than the real schedule. If many additional spills occur due to heavy register pressure,

the schedule of integrated code is much worse than that of original code. Therefore,

it is desirable to avoid code combinations which cause spills. We use a method called

register pressure estimation. We compute number of registers accessed by code nodes

and estimate the register pressure of integrated code by adding them. If the sum is

larger than the total number of physical registers, we discard it from the combination
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set. If there are predicated instructions, the predicate register pressure is estimated

in the same way. Following equations summarize register pressure estimation.

PRegck = PRegai + PRegbj

GRegck = GRegai +GRegbj

∆sck = −∞ if ((PRegck > MaxPReg)or(GRegck > MaxGReg))

where PReg, GReg are numbers of used predicate and general registers, andMaxPReg,

MaxGReg are numbers of physical registers.

There are still some cases where differences between the pseudo-scheduling result

and the real schedule are large. If the compiler generates different sequences of in-

structions for the original and integrated code, pseudo-scheduling can not be accurate

because it assumes that the same sequence of instructions are generated for the same

code after integration. For example, if the compiler succeeds in SIMD optimization

for the integrated code though it fails for original code, the generated instructions

show a big difference. However, it is extremely hard to predict how every optimization

impacts code generation. In reality, instruction scheduling and register allocation are

closely coupled, though we use separate models for those. These facts force estimation

inaccuracy.

Besides limits of pseudo-scheduling, there is the second source of inaccuracy im-

plied in the profitability estimation model. When we compute the profitability of the

alignment, we add the profitability of all combinations included in the alignment as

shown in Equation (4.2). Though this simplification is good enough to estimate the

integration impact, it does not include every aspect of actual generated code from

integrated code.

First, integration introduces the side effect code which causes the performance

overhead. For instance, if we perform integration on looping code, the copies of

the original loops (‘clean-up’ loops) also are created with the integrated loop. In

actual execution, some additional cycles would be spent on getting in and out of

these clean-up loops. Second, the schedule of the non-integrated code could change

after integration though it is rare. This could happen due to the increased register

pressure caused by interleaving code nodes from two threads. If the original schedule
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heavily uses available registers, the schedule could become worse after integration due

to reduced available registers by the interleaved code.

Though there are numerous options to improve the accuracy of estimation, we

maintain this level of complexity and depend on the target compiler’s result to de-

termine the actual profitability. There is a design trade-off between estimation and

compilation. If estimation is as accurate as compilation, the best alignment is chosen

based on this estimation without iterative compilation. However, the high compu-

tation complexity raises time spent on estimation significantly. For this work, the

balance between moderate estimation complexity and target compiler’s feedback is

pursued because we try to define a more general method than one tightly coupled

with a certain architecture and compiler.

4.2.5 Code Transformation

Code transformation is the step where an alignment is converted to the corre-

sponding integrated procedure. Since the alignment determines which parts of the

code are integrated, different transformation techniques are applied depending on

control dependencies of integrated code nodes. Figure 4.3 illustrates basic STI code

transformation techniques and corresponding estimated profitability (EP) depending

on the parent node types.

If the parents of both code nodes are loop nodes, they are integrated by loop

jamming or loop unrolling + jamming, and the original loops are duplicated to handle

possible remaining loop iterations (Figure 4.3(a) and 4.3(b)). When a code node is

located under a predicate node, another code node is integrated into every child node

(Figure 4.3(c)). If both parents are predicates, the integrated code nodes are created

based on all possible paths determined by both predicate conditions (Figure 4.3(d)).

In addition to these basic transformations, there are some advanced STI code

transformation techniques to deal with specific situations. Figure 4.4 illustrates ex-

amples of advanced STI code transformation techniques. When the integrated code

nodes are located in different loop nesting levels, inner/outer loop jamming is ap-

plied for STI as shown in Figure 4.4(a). Since only inner-most loops are software
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Code 1:

for(i=0;i<n1;i++) S1(i);

Code 2:

for(j=0;j<n2;j++) S2(j);

Integrated code:

for(i=0,j=0;i<n1&&j<n2;i++,j++)

{S1(i); S2(j);}

for(;i<n1;i++) S1(i);

for(;j<n2;j++) S2(j);

EP = ∆s(S1,S2) ×min(n1,n2)

S1

L1
n1

S2

L2
n2

S1

L1

S2

L2

S1
S2

L1&
L2

(a) loop + loop: jamming

Code 1:

for(i=0;i<n1;i++) S1(i);

Code 2:

for(j=0;j<n2;j++) S2(j);

Integrated code:

for(i=0,j=0;i<(n1/2*2)&&j<n2;i+=2,j++)

{S1(i); S1(i+1); S2(j);}

for(;i<n1;i++) S1(i);

for(;j<n2;j++) S2(j);

EP = ∆s(S1×2,S2) ×min(n1/2,n2)

S1

L1
n1

S2

L2
n2

S1

L1

S2

L2

S1
S1
S2

L1&
L2

(b) loop + loop: unrolling + jamming

Code 1:

if (p1) S1;

else S2;

Code 2:

S3;

Integrated code:

if (p1) {S1; S3;}

else {S2; S3;}

EP = ∆s(S1,S3) × f1 + ∆s(S2,S3) × (1-f1)

S1

f1

S3

S1
S3

P1 P1

S2

1-f1

S2
S3

(c) predicate + code

Code 1:

if (p1) S1;

else S2;

Code 2:

if (p2) S3;

else S4;

Integrated code:

switch ( ((p1!=0)<<1) | (p2!=0)) {

case 3: S1; S3; break;

case 2: S1; S4; break;

case 1: S2; S3; break;

default: S2; S4;

}

EP = ∆s(S1,S3) × f1× f2 + ∆s(S1,S4) × f1× (1-f2)

+∆s(S2,S3) × (1-f1)× f2 + ∆s(S2,S4) × (1-f1)× (1-f2)

S1

f1

S3 S1
S3

P1
P1 X 
P2

S2

1-f1

S1
S4

P2

S4

f2 1-f2

S2
S3

S2
S4

(d) predicate + predicate

Figure 4.3: Basic STI code transformation techniques
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Code1:

for(i=0;i<I;i++)

for (j=0;j<J;j++) S1(i,j);

Code2:

for(k=0;k<K;k++) S2(k);

Integrated code:

for(i=0,k=0;i<I,i++) {

for(j=0;j<J&&k<K;j++,k++)

{ S1(i,j); S2(k); }

for(;j<J;j++) S1(i,j);

}

for(;k<K;k++) S2(k);

S1

L1
I

S2

L3
K

S1

L2 S2

L3

S1
S2

L1&
L3L2

J

L1

(a) inner/outer loop jamming

Code1:

S0;

Code2:

for(i=0;i<n1;i++) S1(i);

Integrated code:

if(n1>=1) { S0; S1(0); }

else { S0; }

for(i=1;i<n1;i++) S1(i);

S1

L1
n1

S0
S1

S1

L1P1S0

S1

(b) loop peeling

Figure 4.4: Advanced STI code transformation techniques

pipelined, it is often required to integrate SWP loops with different loop nesting lev-

els. For integration of acyclic code and cyclic code, loop peeling is applied as shown

in Figure 4.4(b). By combining and hierarchically applying these transformations,

any alignments can be successfully realized. Implementation of hierarchical SCDG

transformation is described in Section 5.3.2.

The transformation techniques presented above are targeted for the general case.

Depending on the situation, some code can be removed if unnecessary. For example,

if both loop counts are fixed and the same, copies of the original loops (clean-up

loops) in Figure 4.3(a) are not necessary. Transformation leaves opportunities for

further optimizations such as induction variable elimination and loop invariant code

motion. The jammed loops may have two induction variables unnecessarily after

integration, which can be reduced into one. For instance, either i or j in Figure 4.3(a)

and 4.3(b) can be eliminated if neither S1 nor S2 defines it. If there is the similar

code which operates on i and j separately, it can be reduced as well. After induction

variable elimination, loop invariant code motion can be applied additionally. Figure

4.5 shows an example of these optimizations. Since elimination of instructions or
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Base integrated code:

for(i=0,j=0;i<n1&&j<n2;i++,j++) {S1(i); S2(j);}
for(;i<n1;i++) S1(i);
for(;j<n2;j++) S2(j);

After induction variable elimination:

for(i=0;i<min(n1,n2);i++) {S1(i); S2(i);}
for(;i<n1;i++) S1(i);
for(j=i;j<n2;j++) S2(j);

After loop invariant code motion:

n3 = min(n1,n2);
for(i=0;i<n3;i++) {S1(i); S2(i);}
for(;i<n1;i++) S1(i);
for(j=i;j<n2;j++) S2(j);

Figure 4.5: Additional optimizations to base integrated code

moving instructions out of the loop directly improves the schedule of the loop, its

impact is significant especially for small loops.

4.2.6 Iterative Compilation

By preceding steps, we define the set of alignments and estimate the profitability

of each alignment by the static profitability estimation. Due to necessary simplifica-

tions implied in the estimation model, we use an iterative compilation approach to

verify the integrated procedure selected by estimation and correct possible inaccuracy.

Iterative compilation is often used in compiler optimizations such as finding effective

compilation sequences [9], and loop transformations [63]. The method for iterative

compilation presented here is a heuristic approach to find the best alignment with

the fewest compilation cycles (i.e. cost). We define the following distinct measures

for an alignment:

1. Estimated profitability of the alignment li (EPi) is obtained by Equation (4.2)

and (4.6). Initial sck is computed by pseudo-scheduling but is updated by the
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real schedule cycle count obtained after each compilation cycle. Therefore EPi

converges to XPi.

2. Expected profitability of the alignment li (XPi) is computed by the same way

as EPi but uses sck given by the real schedule of the integrated code after

compilation.

3. Actual profitability of the alignment li (APi) is the static execution time (SET)

difference between original procedures and the integrated procedure. The SETs

are obtained by analyzing its assembly code as described in Section 4.2.2.

The EPi is the only measure which can be computed initially before any compi-

lation. The XPi reflects the schedule of the integrated code but still implies some

inaccuracy from side effects of code transformation. The APi reflects the real schedule

of the whole integrated procedure. The inequality EPi ≥ XPi ≥ APi therefore holds

for most cases because the schedule from pseudo-scheduling is more optimistic than

the real schedule and side effects of code transformation usually have a negative im-

pact. The actual profitability of the integrated procedure is determined by APi while

we use EPi for prioritizing alignments and XPi for determining when the iterative

compilation cycle stops.

Figure 4.6 shows the algorithm for iterative compilation. First, the alignment (li)

with the largest EP is chosen and an integrated procedure is generated (Line 1-4).

After compilation, the schedule of integrated code is determined from the assembly

code and the XP and AP are computed (Line 5). Since the real schedules of the code

combinations (i.e. integrated code) included in the alignment are obtained, the EPs

of li and other alignments which share the same combinations are updated (Line 6).

After this update, the alignments with a negative EP are removed from the alignment

set because compilation may have identified unprofitable code combinations (Line 7).

Then we choose the alignment with the maximum of updated EPs again (Line 8). If

the alignment is the same as the one just compiled, the iterative cycle stops (Line

9-10). Otherwise, another compilation cycle is performed with the newly chosen

alignment (Line 12). Once the cycle stops, we choose the best integrated procedure
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1: Choose li ∈ LAB where EPi = Max(EP1, ..., EPn);
2: loop
3: Perform code transformation for li;
4: Compile integrated procedure;
5: Compute XPi and APi;
6: Update EPk for all lk ∈ LAB where li ∩ lk 6= ∅;
7: Remove all lk where EPk < 0 for all lk ∈ LAB;
8: Choose lj ∈ LAB where EPj = Max(EP1, ..., EPn′);
9: if j = i then

10: break;
11: end if
12: i← j;
13: end loop
14: Choose li ∈ LAB where APi = Max(AP1, ..., APn′);

Figure 4.6: Algorithm for iterative compilation

from compiled ones based on the AP (Line 14).

This algorithm has two important implications. The first is a feedback mechanism

implemented by an EP update. Since this feedback reprioritizes alignments based

on updated EPs, it minimizes the impact of pseudo-scheduling inaccuracy on future

alignments by considering previous compilation results. The second is a decision

mechanism implemented by a comparison of EP and XP. After an EP update, EP

is the same as XP for alignments which have been compiled. By comparing the

EP(=XP) of compiled alignments with the EP of yet-to-be-compiled alignments, the

algorithm effectively filters out the alignments which are not worthwhile because the

EP generally determines the upper bound of the XP.

4.2.7 Possible Extensions

Though the proposed method addresses integration of two completely independent

procedures ignoring subroutine calls, it can be extended to following two directions.
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S1 S2 S1 S2

F1 F2 F1_F2

(a) procedure cloning

S1

S2 S1 S2F1

(b) procedure inlining

Figure 4.7: STI code transformations for subroutine calls

Subroutine call extension

Analysis and transformation can be extended to more complex threads, which

include subroutine call hierarchies. When the SCDGs for original threads are con-

structed, a subroutine call node is created for each call. The SCDG of the subroutine

is constructed below the subroutine call node. Then, alignment set definition and

static profitability estimation are performed as before, but including code nodes from

subroutines.

STI code transformations must be extended to deal with subroutine calls. Depend-

ing on the location of the code node to be integrated (i.e. alignment), subroutine calls

must be transformed as well. If no code node under subroutine call nodes is inte-

grated, no change is required for integration. If both integrated code nodes come

from subroutine calls, those subroutines are integrated creating a procedure clone. If

a code node coming from a subroutine is integrated with a code node not coming from

any subroutines, the subroutine is inlined so that integration is done in the same level

of call hierarchy. Figure 4.7 illustrates those transformations, where triangle nodes

denote subroutine call nodes in the SCDGs. Procedure cloning and inlining must be

carefully applied because they could cause a significant code size increase. (Procedure

inlining under a code expansion constraint for embedded systems is discussed in [70].)

This extension makes STI for ILP applicable for threads with arbitrary sizes, which

may include multiple levels of subroutine call hierarchies.
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Dependent thread extension

STI for ILP can be extended to handle threads with data dependencies and timing

constraints. Data flow analysis can identify the data dependencies between code

nodes and this information can be used during alignment set definition. As discussed

in Section 4.2.4, data independence between the code nodes in one thread (intra-

thread data independence) relaxes the condition for being a ‘legal’ alignment. On

the other hand, data dependence between the code nodes across two threads (inter-

thread data dependence) adds more constraints for being a ‘legal’ alignment. While

the alignment set is constructed, this data dependency information is used to filter

out alignments which violate data dependency constraints. For instance, if there is

a data dependency between ai and bj, every alignment which reverses the execution

order of ai and bj would be dropped from the alignment set.

Timing constraints between two threads can be treated in a similar way assuming

that the execution behavior of the code is predictable in terms of timing. If a timing

constraint forces a certain execution order of the code nodes, it can be treated as

a data dependence. If the specific code nodes are required to be executed simulta-

neously, the code combination containing two code nodes is always included in the

alignment set (positive constraint). Synchronization primitives between two threads

can be implemented similarly. For example, the code waiting on a semaphore must

be preceded by the code signaling it. The alignments which violate this execution

order will be removed from the alignment set. The code including critical sections

between two threads, implemented by a mutex, will not run simultaneously. Hence

the code combinations including those are excluded from the combination set.

Since the alignment set size decreases as more constraints are added, the probabil-

ity of having beneficial alignments reduces as well. However, this extension is powerful

because it expands applicability of STI for ILP to partially dependent threads.



72

4.3 Experiments

4.3.1 Target Architecture

Our target architecture is the Texas Instruments TMS320C64x. From TI’s high-

performance C6000 VLIW DSP family, the C64x is a fixed-point DSP architecture

with extremely high performance. The processor core is divided into two clusters with

4 functional units and 32 registers each. A maximum of 8 instructions can be issued

per cycle. Memory, address, and register file cross paths are used for communication

between clusters. Most instructions introduce no delay slots, but multiply, load, and

branch instructions introduce 1, 4 and 5 delay slots respectively. 6 general registers

can be used as predication registers.

4.3.2 Compiler and Evaluation Methods

We use the TI C6x C compiler to compile the source code. Original procedures

and integrated ones are compiled together with C6x compiler option ‘-o2 -mt’. The

option ‘-o2’ enables all optimizations except interprocedural ones. The option ‘-mt’

helps software pipelining by performing aggressive memory anti-aliasing. It minimizes

dependence bounds (i.e. RecMII), maximizing utilization for software pipelined loops.

The C6x compiler has various features and is usually quite successful at producing

efficient software pipelined code. For performance evaluation, we use the stand-

alone simulator in Texas Instruments’ Code Composer Studio (CCS) version 2.20.

By enabling profiling, the execution cycles of original and integrated procedures are

measured.

4.3.3 Procedure Selection and Integration

Four pairs of procedures are chosen from TI DSP/Image Libraries [101, 102] and

MiBench benchmark suite [42] for integration. Among procedures which are relevant

to main program workloads, various procedures with multiple loops (SWP or non-



Table 4.1: Summary of procedure pairs used for experiments

Case Proc.A Name Proc.B Name Program Benchmark suite
(a) DB DSP bexp IH IMG histogram N/A TI DSP/Image Lib.
(b) XF sha transform BR byte reverse sha Mibench/security
(c) BCE BF cfb64 encrypt BSK BF set key blowfish Mibench/security
(d) AC Autocorrelation CLTP Calculation of the LTP parameters gsm Mibench/telecomm.

Table 4.2: SCDG characteristics of procedure pairs and STI results

Procedure Proc.A Proc.B Integration space Comp. Comp. time (sec.): Best
pairs L P RA L P RB RA ×RB CAB LAB cycles ICA/Exhaustive speedup

(a) DB + IH 2 0 2 2 0 2 4 4 5 2 2.74/6.52 6.55%
(b) XF + BR 5 0 5 1 0 1 5 5 5 5 8.75/8.75 9.40%

(c) BCE + BSK 2 3 4 3 0 3 12 4 4 1 1.02/3.87 10.13%
(d) AC + CLTP 4 3 7 5 2 5 35 7 12 1 5.73/55.73 6.86%
L: Loop nodes, P: Predicate nodes, Comp.: Compilation, ICA: Iterative Compilation Algorithm

73
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SWP), conditionals or calls are selected to show the effectiveness of our methods.

Table 4.1 summarizes selected procedures for experiments. For these four pairs of

procedures, the iterative compilation method is applied and examined by generating

all possible integrated procedures. Although analysis and estimation are automated,

code transformation is performed manually for the experiments presented in this

chapter. Automatic integration is also tried by our automation tool chain and results

appear in Chapter 5.

For the alignment set, we include only looping code as discussed in Section 4.2.3.

For integration of looping code, we apply loop jamming or loop jamming + unrolling

transformation. General transformation techniques are performed; further optimiza-

tions discussed in Section 4.2.5 are performed for loops with fixed iteration counts.

For simulation, random test inputs are generated, and variable-iteration loops are ad-

justed to execute at least 64 times. The profile used for static profitability estimation

is assumed to be consistent with the actual run in order for the fair comparison of

profitability measures from static estimation and simulation.

4.4 Experimental Results and Analysis

Figure 4.9 shows the SCDGs of original procedure pairs used for experiments anno-

tated with basic schedule and profile information. The profile information annotated

on edges represents execution count or execution fraction. Below a code node, the

schedule information is annotated with instruction and cycle count (i/c) and predi-

cate and general registers used (p-g). The letter ‘S’ in a loop node indicates that it

is software pipelined and ‘call’ appears in the annotation if there is a subroutine call

inside a code node. Only code nodes under loop nodes are annotated because only

combinations of those are considered for integration.

Table 4.2 summarizes the characteristics of original procedures, integration space

and result of the iterative algorithm runs. The L, P and RA (RB) columns represent

number of loop nodes, predicate nodes and code nodes located under loop nodes.

The CAB and LAB columns show the number of combinations and alignments for



75

integration. The actual combination set used for integration is a subset of the whole

combination set (i.e. CAB ⊂ RA×RB) because some combinations such as SWP/non-

SWP pairs, or ones with heavy register pressure are discarded by the estimation

process. The last three columns show the number of compilation cycles performed by

the iterative algorithm, the comparison of required compilation time with (ICA) and

without our method (Exhaustive), and the speedup of the integrated procedure finally

selected by the iterative algorithm. (Compilation time is measured on a Pentium 4

Windows machine.) While only 1 compilation is needed for case (c) and (d), 2 and

5 compilations are performed for case (a) and (b) respectively. Compared with the

total number of all possible alignments (LAB column) and compilation time required

for compiling all alignments, there are significant compilation savings by our method

in terms of both compilation cycles and time. For example, Figure 4.8 shows how

the iterative compilation algorithm selects Alignment 2 after 2 compilation cycles for

case (a).

Figure 4.10 shows different profitability measures discussed in Section 4.2.6 ob-

tained after generating and compiling all possible integrated procedures. For con-

venience, the AP is measured by simulation instead of static execution time mea-

surement described in Section 4.2.2 because they are equivalent when the profile is

consistent with the actual run. Though the EP is updated after every compilation

cycle, this figure depicts the initial EP computed by the static estimation with no

feedback. Alignments (i.e. integrated procedures) are numbered by the descending

order of their initial EPs from the left. The alignment finally selected by the iterative

algorithm (Alignment 2, 3, 1 and 1 for each case) is marked with its % speedup.

The most important observation from this figure is that the procedure selected

by our method is the actual best one for every case. The marked procedure shows

the highest AP after actual compilation and simulation. In case (c) and (d), the

alignment with the largest initial EP (i.e. Alignment 1) is chosen as the best after

compilation of itself. Recall that the algorithm decides whether it continues or not

based on a comparison of EP and XP. In both cases, the iteration stops after the

first compilation because XP1 > EP2. In case (a), one more compilation cycle is

performed because XP1 < EP2 but XP2 > EP3. (Note that actual EP values change



76

Initial state
L EP XP AP Action
1 528 Compile
2 512
3 64
4 16
5 16

After compilation of Alignment 1
L EP XP AP Action
2 512 Compile
1 504 504 96
3 64
4 16
5 -8 Remove

After compilation of Alignment 2
L EP XP AP Action
2 512 512 132 Stop
1 504 504 96
3 64
4 16
5 Removed

Final State
L EP XP AP Action
2 512 512 132 Chosen
1 504 504 96
3 64
4 16
5 Removed

Figure 4.8: Iterative algorithm runs for case (a) DB + IH
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Figure 4.9: SCDGs of original procedure pairs with basic annotations
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Figure 4.10: Different profitability measures of all alignments for each integration case
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slightly after compilation because EPs are updated as shown in Figure 4.8.)

The case (b) is an example of the worst case scenario because there are 5 align-

ments and we need to compile all of them to find out which is the best. As shown

in Figure 4.9(b), there are 5 distinct combinations of loops, each of which constitutes

an alignment. The worst case can happen if there is a large estimation error and

alignments cannot take advantage of feedback. The alignment which is estimated as

the most beneficial (Alignment 1) turns out to be non-beneficial after the first compi-

lation cycle. This is because the schedule cycle count estimated by pseudo-scheduling

differs much from the actual compilation result for this integrated loop. The EPs

of remaining alignments (Alignments 2 through 5) are equal and none of them is

updated after compilation because there are no common combinations shared among

alignments. This means that all remaining alignments are estimated to be equally

beneficial. Hence, the best alignment is identified only after compiling all of them.

Regarding relationship between EP, XP and AP, they show similar trends, mean-

ing that static estimation works well for cases except (b). The inequality EPi ≥ XPi

the foundation of decision mechanism, holds for all alignments in case (a), (b) and

(c) showing that estimation is optimistic. In case (d), EPi ≥ XPi does not hold for

most alignments. This is due to one of the additional optimizations discussed in Sec-

tion 4.2.5. In this case, induction variable elimination is applied in order to improve

the integrated code because all loops has fixed iteration counts and the original code

schedule is too dense to be improved by general code transformation. Though initial

EPs are less than XPs, EPs are updated after compilation cycles, quickly converging

to XPs. Therefore, the iterative compilation algorithm is not disrupted much with

additional optimizations.

Figure 4.11 shows the histogram for schedule cycle count errors between pseudo-

scheduling and real scheduling results of all 20 code combinations included in 4 cases.

Most errors are negative indicating that pseudo-scheduling is more optimistic than

the real schedule. The errors are within 2 cycles for 14 combinations including 6 zero

errors from perfectly accurate estimation. Among 6 combinations in which absolute

errors are larger than 2 (<-2 bar), two correspond to the SWP loop combinations in

case (b). The other 4 combinations come from case (c) where the integrated code
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Figure 4.11: Histogram for schedule cycle count errors between pseudo-scheduling
and real scheduling results

includes subroutine calls. The errors are relatively large because pseudo-scheduling

does not treat a call instruction specially while the real compiler does. However, the

errors occur in all combinations so they do not affect the EP and XP relationship.

Two combinations with positive errors correspond to SWP loop combinations in case

(d) where we apply induction variable elimination.

Experimental results demonstrate that the static profitability estimation via pseudo-

scheduling works well despite some exceptions. The iterative compilation algorithm

compensates for possible estimation inaccuracy and finds the best integration sce-

nario with reasonable efficiency. When estimation works well, the algorithm effec-

tively filters out the integrated procedures for which compilation is unnecessary by

comparing realized profitability (XP) with potential profitability (EP). For the cases

where estimation is not good enough, the feedback mechanism in the algorithm en-

ables convergence of estimated profitability (EP) with the real profitability (XP) by

applying previous compilation results to the future alignments.
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4.5 Conclusions

In this chapter we propose an efficient method for finding the best integration sce-

nario given two independent procedures with arbitrary control flow and ILP character-

istics. Static profitability estimation relying on resource modeling, pseudo-scheduling

and register pressure estimation allows various integration scenarios to be compared

and ranked, identifying more beneficial ones. The iterative compilation algorithm

compensates for possible estimation inaccuracy by decision and feedback mechanism,

enabling quick selection of the best scenario with the fewest compilations. By ex-

perimental runs on the TI C64x DSP with code examples from the TI DSP/Image

Libraries and MiBench, we demonstrate that our estimation shows reasonable accu-

racy for most cases and the iterative algorithm finds the best integrated procedure

with limited compilations despite the difficulty of accurate estimation.
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Chapter 5

STI for ILP Tool Chain

5.1 Introduction

This chapter describes our tool chain for automatic software thread integration

for instruction level parallelism : STI for ILP Tool Chain. For STI for ILP, we apply

code transformations at the C language level instead of the assembly language level

for practical reasons. Assembly level integration requires a register allocator and an

instruction scheduler that targets the machine and accurately models timing. It is

nontrivial for commercial VLIW DSPs like the TI C6x used in this research.

In order to implement C source level transformation, we leverage the SUIF2

(Stanford University Intermediate Format) compiler, a research compiler developed

at Stanford University [1]. In our tool chain, the C source code is converted into

the appropriate graph representations. Based on the information from the assembly

code generated by the target compiler, the possible STI scenarios are enumerated and

prioritized by a profitability analysis. Automatic code transformation is performed

on the graph representation of the program, which is later converted into the the C

source code.

One of the biggest advantages of this implementation is that the code transfor-
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mation functionality in our tool chain is platform-independent. Our tool chain can

be ported to other VLIW DSP platforms by modifying the profitability estimation,

which now targets the TI C6x DSP.

This chapter is organized as follows. Section 5.2 gives an brief overview of the

STI for ILP Tool Chain. Section 5.3 presents operation of our tool chain in detail.

In Section 5.4, we show the experimental results from automatically integrated pro-

cedures by revisiting the procedures extracted from the TI Image/DSP Libraries and

MiBench used in the previous chapter. Section 5.5 discusses some possible future

extensions for the current STI for ILP Tool Chain.

5.2 Tool Chain Overview

Figure 5.1 shows the overview of the tool chain and Table 5.1 lists programs

included in the tool chain. The C source code for original threads are fed into both

the target compiler (cl6x ) and the SCDG generator (c2scdg). The assembly code

generated by the target compiler is interpreted by our assembly processing tools

(bbi.pl/bbi2cfg) then converted into basic block information files and control flow

graphs. Then, the SCDGs are modified and annotated with the basic block and profile

information by feeding directive files to the tools (scdg mod/ann). By taking the

annotated SCDG files from both threads, the main STI program (scdg sti) generates

all possible integrated procedures in the form of transformed SCDGs, performing

static profitability estimation, alignment set definition, and SCDG transformation.

Finally, the generated SCDGs are converted into the C source code by the SCDG-

to-C converter (scdg2c). While the tools which process the TI C6x assembly code

(bbi.pl/bbicfg) are platform-dependent, the tools which works on C to SCDG and

SCDG to C (scdg2c, scdg mod/ann, scdg sti and c2scdg) are platform-independent,

except for the profitability analysis built in the scdg sti program.

Basic outputs and visualizations are supported by the STI for ILP Tool Chain.

Both CFGs from the assembly code and SCDGs from C source code can be gener-

ated in the DOT language and visualized by DOT tools [36]. The main STI program
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Table 5.1: List of tools in STI for ILP Tool Chain

Programs Functions
cl6x TI C6x compiler
bbi.pl Parse TI C6x assembly and convert into basic block info. (BBI) file
bbi2cfg Read BBI file then construct CFG
c2scdg Convert C program into SCDG format via SUIF pass
scdg mod Modify SCDG for consistency with assembly code
scdg ann Annotate SCDG with basic block and profile information
scdg sti Performs profitability analysis and SCDG transformations
scdg2c Convert SCDG to C code

a.c b.ca.asm b.asm

a_b_*.scdg

cl6x

scdg_mod/ann
a.scdg b.scdg

a.scdg b.scdg

c2scdg

a.mod/ann

bbi.pl/bbi2cfg
a.bbi/cfg

scdg_sti

a_b_*.c
scdg2c

b.bbi/cfg

b.mod/ann
Profile Profile

Figure 5.1: STI for ILP Tool Chain overview
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also supports printing the complete alignment set with corresponding estimated prof-

itability (EP) and code size increase, and generating a decision tree in the DOT

language.

5.3 Operation of STI for ILP Tool Chain

5.3.1 SCDG Construction

The first step for integration is construction of SCDGs (Simplified Control Depen-

dence Graphs) from the C source code. Instead of writing our own C language parser,

we choose to use the SUIF2 (Stanford University Intermediate Format) compiler [1].

SUIF itself is an intermediate program representation defined by programming primi-

tives and object hierarchy, which is equivalent to the program written in C or Fortran.

The SUIF2 compiler provides the tools to convert C source code to SUIF (c2suif )

integrated with EDG front-end, and SUIF to C (suif2c). Any source level transforma-

tions can be implemented by a SUIF ‘pass’, which transforms one SUIF representation

to another. A SUIF pass can be written by programmers with the help of various

utility functions provided with the SUIF compiler.

We implement our own SUIF pass to construct SCDGs, called scdgpass. In this

pass, loop, conditional and call statements are identified and appropriate SCDG ob-

jects are created accordingly. At the end of the pass, SCDG objects are stored into a

binary file, which is fed into the program which performs SCDG transformation later.

Figure 5.2 shows an example of SCDG automatically generated from C source code,

and converted into the DOT language by the scdg2dot program.

To support code generation at the back-end after SCDG transformation, the C

code statements are always stored along with each SCDG object. The SCDG can be

converted into C code via the SCDG-to-C converter (c2scdg), that emits the C code

which corresponds to each SCDG object by in-order tree traversal of the SCDG. Since

only structured code is processed by our front-end, the source code must be converted

into a structured form if the original code contains a non-structured component such
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0:b0:n=1/f=1:
db

1:b0:n=1/f=1:
mask = 0;

2:b0:n=1/f=1:LC=256:
i = 0;(i < (int)(nx));i = (i +  (...)

4:b9:n=1/f=1:
mag = 0;
temp = 1;

5:b0:n=1/f=1:LC=8:
;(temp < mask);

7:b14:n=1/f=1:
*ret = (31 - mag);

;

3:b6:n=256/f=1:
_dbTmp2 = (mask | (((int*)(x))[ (...)

6:b12:n=8/f=1:
;

_dbTmp5 = mag;
mag = (_dbTmp5 (...)

Figure 5.2: Example of automatically generated SCDG (DB)

as continue, break or switch-case statements.

5.3.2 Alignment Set Definition and SCDG Transformation

After construction of both SCDGs, alignment set definition begins with extracting

code nodes from them. Definition of the alignment set (i.e. STI scenario space)

is implemented by constructing a decision tree because an integration scenario is

determined by the series of decisions which nodes to be integrated. Every child node

in the decision tree corresponds to a possible distinct decision, which follows decisions

taken to reach its parent node. Therefore, each node in the decision tree corresponds

to a certain code alignment, which includes all combinations chosen to reach it from

the top node. Figure 5.3 and 5.4 respectively show the example decision tree and the

full list of alignments automatically generated for one example case (DB + IH), one

of the procedure pairs we examine in Section 5.4.

At the initial stage of decision tree construction, every combination of code nodes

creates a distinct decision tree branch because any decision is possible at the begin-

ning. Once one combination is chosen, not all combinations are possible because only

code combinations which do not violate the data and control dependencies are al-

lowed. This is the concept of ‘legal’ alignments discussed in Section 4.2.3. Identifying

legal alignments is implemented by associating creation of a decision tree node with

hierarchical SCDG transformation.

Integration of two threads is achieved by merging two SCDGs into one. A certain
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0:(0,0)
p=0.00/EP=0.00
inst=0/accInst=0

1:(1,105)
p=7.00/EP=7.00
inst=0/accInst=0

2:(3,102)
p=512.00/EP=512.00
inst=32/accInst=32

7:(3,104)
p=64.00/EP=64.00
inst=38/accInst=38

10:(4,105)
p=6.00/EP=6.00
inst=0/accInst=0

11:(6,102)
p=16.00/EP=16.00
inst=32/accInst=32

13:(6,104)
p=16.00/EP=16.00
inst=38/accInst=38

15:(7,105)
p=6.00/EP=6.00
inst=0/accInst=0

3:(4,105)
p=6.00/EP=518.00
inst=0/accInst=32

4:(6,104)
p=16.00/EP=528.00
inst=38/accInst=70

6:(7,105)
p=6.00/EP=518.00
inst=0/accInst=32

5:(7,105)
p=6.00/EP=534.00
inst=0/accInst=70

8:(4,105)
p=6.00/EP=70.00
inst=0/accInst=38

9:(7,105)
p=6.00/EP=70.00
inst=0/accInst=38

12:(7,105)
p=6.00/EP=22.00
inst=0/accInst=32

14:(7,105)
p=6.00/EP=22.00
inst=0/accInst=38

Figure 5.3: Example of automatically generated decision tree (DB + IH)

ID EP Inst Alignment set
1 7.00 0 { (a1 ,b105),}
2 512.00 32 { (a3 ,b102),}
3 518.00 32 { (a3 ,b102), (a4 ,b105),}
4 528.00 70 { (a3 ,b102), (a6 ,b104),}
5 534.00 70 { (a3 ,b102), (a6 ,b104), (a7 ,b105),}
6 518.00 32 { (a3 ,b102), (a7 ,b105),}
7 64.00 38 { (a3 ,b104),}
8 70.00 38 { (a3 ,b104), (a4 ,b105),}
9 70.00 38 { (a3 ,b104), (a7 ,b105),}
10 6.00 0 { (a4 ,b105),}
11 16.00 32 { (a6 ,b102),}
12 22.00 32 { (a6 ,b102), (a7 ,b105),}
13 16.00 38 { (a6 ,b104),}
14 22.00 38 { (a6 ,b104), (a7 ,b105),}
15 6.00 0 { (a7 ,b105),}

Figure 5.4: Example of automatically generated alignment set (DB + IH)
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code transformation is applied depending on control dependence and estimated prof-

itability of the target nodes (i.e. code combination). Once target nodes are chosen,

transformations are applied hierarchically from the the top nodes to the target nodes.

In every hierarchy level, the SCDG is divided into left, center and right subgraphs

in terms of the location of target nodes. All possible code combinations from left

and right subgraphs determine the set of the combinations, that can coexist with the

previously selected code combination in a legal alignment.

Figure 5.5 shows an example of hierarchical SCDG transformation. The SCDG

on the top is the initial SCDG constructed by merging nodes from both procedure A

and B, which names start with ‘a’ and ‘b’ respectively. Let’s assume that the code

combination (a4, b3) (shaded nodes in the figure) is selected for integration. At the

top level hierarchy under the procedure node, the SCDG is divided into left, center

and right subgraphs. All combinations from left and right subgraphs can coexist

with (a4, b3) because they do not violate the data dependencies of original code. For

example, the alignment {(a1, b1), (a4, b3)} is legal and so is {(a4, b3), (a8, b5)}. At the

second level hierarchy under the node a2, another right subgraph is created. The

code combination from this subgraph can also coexist with (a4, b3) as the alignment

{(a4, b3), (a6, b3)} is legal. Since every subgraph is nothing but another SCDG, deci-

sion tree construction and SCDG transformation are repeated in a recursive manner

until all possible alignments are found. This enables full enumeration of the align-

ment set. Figure 5.6 shows the algorithm for hierarchical SCDG transformation and

alignment set definition. If the function PerformSTI is called once with the initially

merged SCDG, it creates a complete decision tree by recursively calling itself with

right subgraphs generated during hierachical SCDG transformation.

5.3.3 Full vs. Greedy Enumeration

Our implementation is based on full enumeration of alignments by evaluating

every single possible combination at every decision tree node in a recursive manner.

For each node construction, the profitability is estimated and the SCDG is trans-

formed. Full enumeration builds the complete decision tree, where each node has the
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Figure 5.5: Example of hierarchical SCDG transformation
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procedure PerformSTI(scdg, parentDT)
for all code combination (ai, bj) in scdg do

nodeDT ← create a new decision tree node under parentDT ;
na ← top parent SCDG node of ai in scdg ;
nb ← top parent SCDG node of bj in scdg ;
repeat

scdgR ← Aggregate na and nb then obtain the right subgraph from scdg ;
call PerformSTI(scdgR, nodeDT);
if na is a predicate then

duplicate nb to every case of na;
na ← next level SCDG node of ai in scdg ;

else if nb is a predicate then
duplicate na to every case of nb;
nb ← next level SCDG node of bj in scdg ;

else if both na, nb are loops then
apply loop jamming and unrolling for na and nb;
na ← next level SCDG node of ai in scdg ;
nb ← next level SCDG node of bj in scdg ;

end if
until na = ai and nb = bj

end for

Figure 5.6: Algorithm for hierarchical SCDG transformation and alignment set
definition
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corresponding EP and integrated SCDG. Though both pseudo-scheduling and SCDG

transformation are fast processes, full enumeration of alignments can be expensive in

terms of both time and memory space because the upper bound of the alignment set

size increases exponentially as number of code nodes increases. Therefore, full align-

ment enumeration would not be effective in the cases where both threads include

many code nodes.

An alternative to full enumeration is greedy enumeration. Instead of evaluating

all possible combinations from each decision tree node, one combination which is

estimated the most beneficial can be chosen. For the example decision tree in Figure

5.3, the second branch would be chosen at the first level because it has the largest

profitability value (p=512). At the next level, the second branch (p=16) would be

selected. Greedy enumeration hence evaluates Alignment 5 only, which happens to

be the alignment with the maximum EP among all in this case. However, greedy

enumeration does not guarantee reaching the alignment with maximum EP due to

its nature.

Therefore, hybrid approaches are desirable in practice rather than pure greedy

enumeration. Instead of selecting only one combination at each decision tree node,

a fixed number of combinations with higher EPs or ones with EPs lager than a

certain threshold can be evaluated. Another possible approach is applying different

schemes according to code node types. Since looping code has more impact on the

performance, we can enumerate full alignments from looping code combinations but

apply greedy enumeration scheme for acyclic code combinations. These approaches

would save time for searching the best estimated alignment despite possibility of

reaching a sub-optimal point. Examination of these approaches is left as future work.

5.3.4 Code Size Increase Estimation

Since most STI transformations involve code duplication, code size increase is

another important factor to be considered. It could affect the run-time on a real

processor depending on instruction cache sizes and configurations, as observed in the

experimental results on an Itanium processor presented in Chapter 2.
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Code size increase estimation is tightly coupled with SCDG transformation be-

cause which code nodes are duplicated is determined at this stage. For code size

increase estimation, we use instruction count information of the basic block anno-

tated into each code node. Every time a code node is duplicated, we accumulate

estimated instruction count increase. By doing so, every alignment has a correspond-

ing estimated instruction count increase as well as its EP. The ‘Inst’ column in Figure

5.4 shows the estimated instruction count increase of each alignment for the example

case. For the TI C6x architecture, an instruction count metric can be converted into

a byte metric by multiplying 4 because every instruction is 32-bit wide.

As static profitability estimation is more optimistic than the real scheduling, this

code size increase estimation predicts a smaller than actual code size increase. While

estimation only considers the code nodes duplicated in terms of SCDG representation,

there are more instructions generated due to added conditional statements and side

effect code. This impact is especially large in case of software pipelined (SWP) loops

because the compiler often generates a non-SWP prolog loop for covering the case

where the loop count is less than the minimum loop count required by an SWP loop.

In order to take this kind of overhead into account, the upper bound for code

size increase is determined by multiplying the estimated code size increase by a fixed

overhead factor. The overhead factor is determined empirically; We use 2 or 4 in our

experiments.

Though we use only performance measures to select the best integrated procedure

in this work, code size estimation can be considered for a better decision. The simplest

example is filtering out the integrated threads, where estimated code size exceeds the

instruction cache size. This is critical if the architecture features an instruction cache.

Advanced techniques for balancing the performance and code size such as [118] can

be also applied when choosing the best integrated procedure.
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Table 5.2: Summary of experimental cases

Procedure Proc.A Proc.B Alignments Best Code size
pairs RA RB LAB speedup increase

(a) DB + IH 5 3 15 6.57% 38.9%
(b) XF + BR 8 3 39 7.61% 44.7%

(c) BCE + BSK 6 7 48 9.50% 34.1%
(d) AC + CLTP 13 17 5697(21*) 12.46% 54.8%

(e) XF + IH 8 3 45 9.91% 22.0%
(f) XF + DB 8 5 192 9.45% 46.2%

*: Loop only

5.4 Experiments and Results

For the experiments, we use the same target architecture (TI TMS320C64x), com-

piler and evaluation methods as the experiments in Chapter 4. The same 8 procedures

extracted from TI DSP/Image Libraries and MiBench are used for integration, but

the C code for integrated procedures is automatically generated by the tool chain,

unlike the experiments in the previous chapter. In addition to 4 pairs of procedures,

2 more cross combinations are added to examine capability of the tool. We call the

experimental cases (a) through (f) for consistency with Chapter 4.

Table 5.2 summarizes number of code nodes, alignments for procedure pairs, the

speedup of the best integrated procedure and its code size increase. Compared with

the experiments in the previous chapter, the alignments set sizes become significantly

larger because alignments are constructed from both cyclic and acyclic code com-

binations by the help of automatic tool chain. Case (d) is evaluated only for the

alignments constructed from cyclic code node combinations because there are too

many alignments. Figure 5.7, 5.8, 5.9, 5.10, 5.11, and 5.12 show the estimated and

actual speedup (graph (a)), the estimated and actual code size increase (graph (b))

for 6 pairs of procedures respectively. Alignments (i.e. integrated procedures) are

ordered by their initial estimated speedups from the left to the right.

The estimated speedups are computed based on their initial EP values by convert-

ing a cycle metric into a speedup metric. Actual speedups are measured by executing

integrated procedures on the TI C6x simulator. The points emphasized with red
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circles indicate the procedures showing the best speedups among all integrated pro-

cedures. In code size increase graphs, two estimated values are plotted based on two

overhead factors, 2 and 4. Actual code size increases are computed by measuring the

code sizes of original and integrated procedures.

From speedup graphs, we are interested in two facts: (1) how accurate the initial

estimation is and (2) how fast the actual best alignment can be reached by the iter-

ative compilation algorithm. For the first, we compare the overall trend of estimated

speedups with actual speedups. For the second, we need to determine how many

compilation cycles are required by examining the details of alignments.

In case (a), estimated speedups show a decreasing trend similar to the actual

speedups. Estimation errors are mainly from one loop combination, which turns out

to be non-beneficial after compilation. Since first two alignments include this loop

combination and the other (beneficial) loop combination, the EPs of these two align-

ments would become lower after compilation of the first alignment. Therefore, the

iterative compilation method reaches the third alignment (i.e. the best integrated pro-

cedure) after one compilation cycle. The following two alignments (fourth and fifth)

contain the same loop combination but different acyclic code combinations. Since

acyclic code combinations usually have little performance impact, the acyclic code

alignment can be chosen based on the initial EP value without iterative compilations.

In case (b), estimated speedups show a similar trend to the actual speedup except

for the first six points. These six alignments include the same loop combination where

the actual SWP schedule is much worse than what is estimated. After compilation

of the first alignment, the iterative compilation method simultaneously updates the

EPs of these six alignments. Then the seventh alignment is selected as it has the

maximum EP. The best alignment (eighth) is reached after another compilation cycle

but compilation continues until the rest of loop alignments are examined because

their EPs are equal, as observed in Section 4.4.

In case (c), the best integrated procedure is found at the first compilation cycle

because the best alignment is the one with the largest estimated speedup. Neverthe-

less, the estimated speedups do not show consistency with actual speedups because

pseudo-scheduling errors from code nodes with subroutine calls are large, as discussed
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Figure 5.7: Case (a) DB + IH: Estimated/actual speedup and code size increase
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Figure 5.8: Case (b) XF + BR: Estimated/actual speedup and code size increase
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Figure 5.9: Case (c) BCE + BSK: Estimated/actual speedup and code size increase
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Figure 5.10: Case (d) AC + CLTP: Estimated/actual speedup and code size increase
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in Section 4.4. In addition, there is another type of error in this case. The first 8

points in Figure 5.9(a) correspond to the alignments which include the best cyclic

code combination but different acyclic code combinations. Though a small speedup

variation is expected, it shows a huge actual speedup difference. It turns out that

some acyclic code affects the schedule of other code depending on where it is located.

One explanation is that code interleaving during STI can affect register allocation. If

we insert a code node between two consecutive code nodes, the registers live between

two consecutive code nodes are not available for the middle node. The instruction

schedule of the middle node can become worse after integration if its original register

pressure is heavy. If the schedule of the non-integrated code becomes significantly

worse after STI, different acyclic code alignments must be used to avoid such side

effects, though it does not happen frequently.

In case (d), we construct alignments only from cyclic code nodes. The overall

trend of actual speedups is consistent with the estimated trend, indicating estimation

works well. The best alignment is found after the first compilation cycle. Some

alignments have higher actual speedups than estimated speedups due to the impact

of induction variable elimination.

In case (e), the estimated speedups show some difference with the actual speedups.

Four different loop combinations included in the alignments located on the first and

second estimated speedup plateaus (first twenty alignments) turn out to be non-

beneficial after compilation. Since the first four alignments include these loop com-

binations, the EPs are updated quickly after four compilation cycles. Then, the

iterative compilation method finds the alignments with the best loop combinations

(three alignments in the actual speedup peak).

Case (f) shows a good relationship between estimated and actual speedups as they

show the same decreasing trends. The overall actual speedup order is consistent with

the estimated order despite some estimation errors for the first alignments. The best

integrated procedure is also found with the very first few alignments.

Code size increase estimation works quite well for most cases as the estimated

and the actual code size increases show similar trends. The actual code size increases

fall between overhead factors of 2 and 4 except case (c) where these is no software
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pipelined loop. Though code size increases and speedups do not show direct correla-

tions, the best integrated procedures involve at least 20% code size increases.

5.5 Future Extensions

The following extensions can be added to the current STI for ILP Tool Chain for

more applicability:

• The step for SCDG modification and annotation can be automated. This is the

only manual step in the current tool chain, where users write modification and

annotation directive files (.mod/ann) by comparing the CFG and the SCDG.

Automation of this step requires extension of the assembly processing tools so

that they match basic blocks with the corresponding C source code parts based

on target compiler’s code generation rules and the information embedded in the

assembly code. Since the same technique can be used to match the integrated

SCDG with the assembly code generated after each compilation cycle, it would

fully automate the feedback path of the iterative compilation method, enabling

complete automation of our proposed methods.

• Additional optimizations for integrated code can be built into the tool chain,

such as induction variable elimination and loop invariant code motion. As

discussed in Section 4.2.5, the impact of these optimizations can be significant

when the integrated loop is tightly scheduled.

• Subroutine calls can be included in analysis and transformation as discussed in

Section 4.2.7. This will extend the applicability of STI for ILP to threads with

arbitrary sizes, which may contain nested subroutine calls.

• The tool chain can be extended to deal with (partially) dependent thread as

discussed in Section 4.2.7. Data flow analysis must be build into the tool for

data dependent threads. This enables STI for ILP applicable to threads with

data dependencies or timing constraints.
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5.6 Conclusions

We have created the tool chain, STI for ILP Tool Chain to automate most of the

work in STI for ILP, making this technique more convenient and useful. Our tool chain

converts the C source code of original threads into hierarchical graph representations.

After the instruction schedule information from the assembly code compiled for a

target processor (TI C6x in this case) is annotated into them, our tool automatically

creates the set of possible integration scenarios along with the hierarchical graph

transformation required. Then, integrated procedures are automatically generated

from the transformed graph representations along with their estimated speedup and

code size increase.

By automatically integrating procedures from the TI DSP/Image Libraries and

MiBench by the tool chain, we have observed that our estimation schemes for speedup

and code size increase work well.
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Chapter 6

STI for Streaming Applications

6.1 Introduction

Being coarse-grain (procedure-level) dataflow representations, stream program-

ming languages explicitly provide the data dependence information which constrains

the selection of which code to integrate. In this chapter we investigate the integration

of multiple procedures (or threads) in streaming applications on VLIW processors to

improve performance through better processor utilization.

Among many languages implementing dataflow paradigms, we use StreamIt [106],

a C-like stream programming language developed at MIT. The StreamIt program

representation provides a good platform for applying STI for three reasons. First,

it fully exposes parallelism between filters via its dataflow representation. Second,

the StreamIt compiler supports a uniprocessor back-end by generating C code from

StreamIt programs. Lastly, a single filter in a StreamIt program is converted into a

single procedure in the C program, so the granularity of parallelism expressed in a

StreamIt program exactly matches what is desired for STI.

In a StreamIt program, the filters are described with C-like language with push,

pop and peek, by which they communicate with adjacent filters. The dataflow between
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filters is expressed via constructs – Pipeline, SplitJoin and FeedbackLoop. A StreamIt

program can be represented as a stream graph, where arcs defines use-def chains of

data. Figure 6.1 and 6.2 show an example StreamIt application BPFProgram and

the corresponding stream graph, which is automatically generated by the StreamIt

compiler. (See Section 1.5.4 for an overview and [95] for more detailed features of the

StreamIt language and compiler.)

We have developed methods called StreamIt filter integration to apply STI at the

StreamIt level. The methods include identifying, selecting and integrating filters (i.e.

procedures) from StreamIt applications. We also propose the techniques to transform

programs and optimizations for targeting a VLIW DSP. An example StreamIt appli-

cation is integrated via filter integration and the C code for the integrated program

is generated by the StreamIt compiler uniprocessor back-end. We then compile the

C code for the Texas Instruments C67x VLIW DSP architecture and evaluate its

performance using the TI C6x simulator.

This chapter is organized as follows. Section 6.2 describes the techniques used to

determine which filters to integrate, how to modify the stream graph, and optimiza-

tions for uniprocessors. Section 6.3 presents the experimental method and results.

Section 6.4 summarizes the findings.

6.2 StreamIt Filter Integration

We use the dataflow information expressed by the StreamIt language to identify

parallel filters. The candidate filters are chosen based on profiling or run-time esti-

mation. Integrated filters are generated by the STI code transformations described

in previous chapters. Finally, graph transformation is followed to transform the ap-

plication to use integrated filters.
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float->float pipeline BandPassFilter (float rate, float low, float high, int taps) {

add BPFCore(rate, low, high, taps);

add Subtracter();

}

float->float splitjoin BPFCore (float rate, float low, float high, int taps) {

split duplicate;

add LowPassFilter(rate, low, taps, 0);

add LowPassFilter(rate, high, taps, 0);

join roundrobin;

}

float->float filter Subtracter {

work pop 2 push 1 {

push(peek(1) - peek(0));

pop(); pop();

}

}

float->float filter LowPassFilter(float rate, float cutoff,

int taps, int decimation) {

float[taps] coeff;

init {

int i;

float m = taps - 1;

float w = 2 * pi * cutoff / rate;

for (i = 0; i < taps; i++) {

if (i - m/2 == 0) coeff[i] = w/pi;

else coeff[i] = sin(w*(i-m/2)) / pi / (i-m/2) * (0.54 - 0.46 * cos(2*pi*i/m));

}

}

work pop 1+decimation push 1 peek taps {

float sum = 0;

for (int i = 0; i < taps; i++)

sum += peek(i) * coeff[i];

push(sum);

for (int i=0; i<decimation; i++)

pop();

pop();

}

}

void->void pipeline BPFProgram {

add FloatSource();

add BandPassFilter(250000000, 1000, 1200, 64);

add FloatPrinter();

}

void->float filter FloatSource {

float x;

init { x = 0; }

work push 1 {

push(x);

x = x + 1.0;

}

}

float->void filter FloatPrinter {

work pop 1 { print(pop()); }

}

Figure 6.1: Example StreamIt application, BPFProgram [94]
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Figure 6.2: Stream graph of BPFProgram

6.2.1 Identifying the Candidate Filters

In StreamIt programs, data-independent filters exist in a SplitJoin region, which

is defined by a splitter, a joiner and filters between them. Any filters not connected

with each other in a SplitJoin region can run in parallel therefore the candidates for

integration. By profiling the application or estimating run-time of each filter, the

filters dominating the performance of the application are identified.

6.2.2 Filter Code Transformation

The code inside filters in StreamIt programs is converted into actual C procedures.

This code is almost same as the normal C code except that it takes input and output

data by peek, pop and push instead of procedure arguments. Since the StreamIt ex-

press control flow in the same way as C, the code transformation techniques proposed

in previous chapters can be applied accordingly. Peek, pop and push are converted

into memory accesses and a pointer increment (or decrement) – peek, pop perform
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memory reads while push performs a memory write – in actual procedures. Hence,

they are treated as memory accesses during code transformation. Though the real

references are not shown in the language, they can be identified with analysis.

By performing dataflow analysis on top of it, redundant code can be eliminated

during integration. For example, pops following a duplicate splitter retrieve the same

data element hence only one pop is needed in the integrated filter. On the contrary,

pops following a roundrobin splitter retrieve the different data elements hence two

distinct pops are needed in the integrated filter. Since the parameters of filters are

determined statically by other parts of StreamIt code, they can be used to optimize

transformations. For example, loop trip counts determined statically, can remove the

need for clean-up loops in some cases.

6.2.3 Graph Transformation

After writing integrated filters, the stream graph of the application is modified so

that it can run integrated filters. The graph transformation is achieved by modifying

the part of the StreamIt code other than filters. As any arbitrary combinations of

data-independent filters in a SplitJoin region are possible for integration, any corre-

sponding graph transformations are feasible as well. The graph transformations not

only merge filters in a SplitJoin region into one filter but also divide one SplitJoin

region into multiple ones by adding splitters, joiners and identity filters as needed,

enabling a variety of transformations.

The filters in a stream graph are scheduled with a certain algorithm such as sin-

gle appearance scheduling [39] and phased scheduling [60]. Though the scheduling

algorithm minimizes the graph with necessary splitters and joiners, the transformed

stream graph after use of integrated filters can be less efficient because of the overhead

from additional splitters and joiners. Therefore, the balance in performance between

integrated filters and the overall application is pursued. Existing graph transforma-

tions such as fusion and fission also are incorporated for efficiency.
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6.2.4 Optimizations for Uniprocessors

Though the StreamIt compiler supports both the Raw processor and uniprocessor

back-ends, its functionalities are more focused on parallelizing and load-balancing

the application for communication exposed architectures [39]. Therefore, the code

generated for uniprocessors does not show promising performance as compared with

optimized C code. For instance, the C code generated by the StreamIt compiler is

slower than the equivalent hand optimized C code in factor of 10 in case of GSM

Decode [107]. This is because C code conversion process in the current StreamIt

compiler implies huge inefficiency for uniprocessor platforms.

The first source of inefficiency is the unnecessary buffer allocation and memory

copies caused by splitters and joiners. A splitter allocates multiple buffers for re-

spective child nodes and copies input data items to the output buffers. A joiner

also copies input data items of its parents to the output buffer. Buffer spaces con-

taining the copied data items can be optimized into one buffer space. Memory copy

operations can be eliminated by passing pointers.

The second is redundant code generation. The StreamIt compiler generates sep-

arate procedures for all instances of filters in the stream graph even though there

are identical filters. This can be optimized so that the compiler generates separate

procedures only for different filters but generates the same procedures for identical

filters which can be shared by many instances.

The third is the granularity of filters. If a StreamIt program is composed of many

filters with small amount of code, the compiler generates numerous procedures with

a small number of instructions. This causes inefficiency because of procedure call

overhead and buffers between filters. Forming appropriate granularity of filters by

fusion transformation is desired to balance the code size and execution efficiency.
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6.3 Experiments and Results

Filter integration is applied to one StreamIt application, FMRadio by applying

manual code transformation to StreamIt source code. As shown in Figure 6.3, it is

composed of series of hierarchical filters. FloatSource is a data source while Float-

Printer is a data sink. The main work of the program is the Equalizer, where input

data are processed by 4 parallel BandPassFilters. BandPassFilter also include 2 par-

allel LowPassFilters connected with splitters and joiners.

For the first filter integration, we integrate two LowPassFilters inside the BPFCore

creating a new integrated filter, BPFCore Int2. During this integration, the loops in

the two LowPassFilters are jammed because two loops have the same iteration counts.

The splitter and joiner in the BPFCore are also removed after integration. Figure 6.4

shows the Stream graph after the first filter integration.

Since there are still parallel filters after the first integration, we apply another

filter integration on them. There are four pipelines of filters with BPFCore Int2, Sub-

tractor, and AnonFilter a18. Four identical filters in these pipelines are integrated

together creating integrated filters, BFPCore Int2 Int4, Subtacter 4, and AnonFil-

ter a47. During integration, loop jamming is applied to four loops in BFPCore Int2

and some redundant operations are also removed. After the second filter integration,

the stream graph is changed as shown in Figure 6.5. After this integration, there is

no further filter integration is possible because there is no parallel filters.

For performance evaluation, we use Texas Instruments TMSC320C67x platforms

supporting float data type operations because the application uses floating data types.

The C source code is generated from these 3 different versions of FMRadio StreamIt

code by the StreamIt compiler. The C code is compiled by the TI C6x compiler and

the program is executed on the TI standalone C6x simulator. The execution cycles

of filters of our interest are obtained by inserting cycle count APIs supported by the

simulator.

Table 6.1 summarizes integration methods and speedups by filter integration. As

shown in the execution profile of original FMRadio (‘%Exec.’ column), about 80%

of the time is spent on running the EqSplit and more than a half is spent on run-
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Table 6.1: Speedup by filter integration of FMRadio on TI C67x DSP

Original filters %Exec. Integrated filters Speedup Integrated filters Speedup

FMRadio 100% FMRadio 1.80 FMRadio 3.40
FloatOneSource FloatOneSource FloatOneSource
LowPassFilter LowPassFilter LowPassFilter
FmDeModulator FmDeModulator FmDeModulator
EqSplit 79.18% EqSplit EqSplit Int4 9.21

splitter splitter
BPFCore×4 57.92% BPFCore Int2×4 4.23 BPFCore Int2 Int4 10.52

splitter
LowPassFilter×2 24.85%
joiner

Subtracter×4 Subtracter×4 Subtracter Int4
Filter×4 Filter×4 Filter Int4
joiner joiner

Filter Filter Filter
FloatPrinter FloatPrinter FloatPrinter
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ning 4 sets of BPFCore. Integrating 4 sets of BPFCore (splitter + LowPassFilters×2

+ joiner) gives 4.23 speedup in filter level and 1.80 in whole application level. By

the second filter integration, BPFCore is sped up by 10.52 and EqSplit (splitter

+ BPFCore×4 + Subtracter×4 + Filter×4 + joiner) is sped by 9.21. Overall

application-level speedup of 3.40 is achieved by this integration.

Huge speedups come from two sources. The first is the better compiler schedule

and redundant code removal from the integrated filters by STI code transformations.

The second is elimination of splitters and joiners by filter integration. Splitters and

joiners in BPFCore are responsible for 33.08% of the execution time while 24.85% is

spent on LowPassFilters as shown in Table 6.1. Since the time for running splitters

and joiners is completely removed after integration, it has a huge impact on the

overall performance. This is mainly due to inefficient uniprocessor code generation

by the StreamIt compiler as discussed in Section 6.2.4. If the code is optimized for

uniprocessors, the impact from splitters and joiners would be reduced.

6.4 Conclusions

In this chapter, we present the method called filter integration. It improves the

performance of StreamIt applications by integrating parallel filters via STI. Parallel

filters are identified by analyzing the dataflow information expressed by the StreamIt

language. Integrated filters are generated by STI code transformation techniques.

Accordingly, the program is transformed via graph transformation to take advantage

of integrated filters.

We have applied filter integration to an example application, FMRadio and exe-

cuted in on the TI C67x platform. Experimental results show that filter integration

significantly helps StreamIt applications with targeting a VLIW uniprocessor DSP.
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Chapter 7

Summary and Future Work

7.1 Summary

This dissertation proposes Software Thread Integration (STI) for Instruction Level

Parallelism (ILP), a new way of converting thread-level parallelism into ILP on VLIW

processors. STI improves the performance by merging parallel procedures into one,

effectively increasing the compiler’s scope and hence allowing it to create a more

efficient code schedule. STI is essentially procedure jamming with intraprocedural

code motion transformations which allow arbitrary alignment of instructions or code

regions. This alignment allows code to be moved to use available execution resources

better and improve the execution schedule. Parallel procedures are identified by the

programmer with either annotations in procedural programming languages or graph

analysis for stream programming languages, which represent programs as coarse-grain

dataflow.

We introduce a method called procedure cloning and integration for improving pro-

gram run-time performance by integrating parallel procedures via STI. The method

creates specialized versions of procedures with better execution efficiency, providing

clone procedures that do the work of multiple procedures concurrently through STI.
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By a method called filter integration, we use STI for streaming applications, exploiting

explicit dataflow information expressed by stream programming languages.

We define various STI code transformations to maximize the ILP and reconcile

control flow differences between two threads. Different transformations are selec-

tively applied according to the control structure and the ILP characteristics of the

code, driven by interactions with software pipelining. This approach effectively com-

bines ILP code transformations with instruction scheduling techniques so that they

complement each other. Code transformations involve code motion as well as loop

transformations such as jamming, unrolling, splitting, and peeling.

We propose a methodology for finding the best integration scenario efficiently

among all possibilities. We introduce methods to quantitatively estimate the per-

formance benefit from the integration of multiple software threads. We use resource

modeling, consider register pressure and compensate for compiler optimizations. This

enables different scenarios to be compared and ranked. We then use these estimates to

guide integration by concentrating on the most beneficial scenario. Information from

each iteration of compilation is used to update the rankings of scenarios. Our mod-

eling methods combined with limited compilation quickly find the best integration

scenario without requiring exhaustive integration. The proposed methods for STI for

ILP are automated by the STI for ILP Tool Chain targeting Texas Instrument C6x

VLIW DSPs.

7.2 Future Work

The concept of STI for ILP presented in this work encourages further investi-

gations into STI and optimizations for digital signal processors. Many interesting

research questions arise, such as:

• Is a fast estimation method with better accuracy feasible? Can the schedule of

integrated code be estimated more accurately by considering data flow, register

conflicts, and side effect of code transformation? Is there a clean set of rules to
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determine the impact of processor dynamic events such as stalls from program

and data cache misses, and memory bank conflicts?

• Can STI for ILP be used for processors based on a superscalar architecture?

Unlike VLIW/EPIC architectures, instructions are scheduled at run-time by the

hardware in superscalar processors. What kind of run-time analysis is necessary

and how do we use that information to drive the code transformation?

• Can STI for ILP be used on chip multiprocessors (CMP)? Though STI for ILP

mainly targets VLIW uniprocessor platforms, it can be used for multiprocessors

because there could a situation where number of available threads is greater than

number of processors. In such case, integration of threads can help with using

available processors more efficiently. In addition to increasing ILP of threads,

locality of data cache can be leveraged by integrating threads which use same

data. Further investigation is necessary to evaluate usefulness of this approach

and define the method for determining which threads and how to integrate.

• Can STI for ILP be used with a dynamic scheduler in the operating system?

Integrated threads can be invoked based on the dynamic and smart decision of

the scheduler. Compared with the static approach, this ‘Smart RTOS’ approach

offers some benefits such as exploiting parallelism across multiple applications,

flexible execution of threads depending on dynamic decisions, and adaptation

for changing workloads [86].

• Can STI be used for tolerating long memory latency? If there is a memory

operation with long latency (possibly to multiple levels of memory hierarchy)

and the architecture supports a non-blocking request, the idle time waiting for

the response from the memory can be reclaimed by executing useful work by

STI. If the idle time is fragmented, Asynchronous Software Thread Integration

(ASTI) can be used because it allows independent and asynchronous progress

for the primary and secondary threads [65].
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2006 International Conference on Compilers, Architectures and Synthesis for
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• Won So and Alexander G. Dean. Complementing software pipelining with soft-

ware thread integration. In Proceedings of the 2005 ACM SIGPLAN/SIGBED
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’05), pages 137–146. ACM Press, June 2005.
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