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Preface 

The driving force for many research efforts is m provide higher performance for appli- 
cations of computer systems. There are many computer systems architectures promis- 
ing a high performance potential, chiefly among them parallel architectures. A whole 
zoo of parallel system architectures has been developed so far and many of those, 
although of intelligent design did not survive in the market. One of the main reasons 
for such failures is that the performance potential of such an architecture cannot be 
used efficiently by a sufficient number of applications. 

This book presents methods to solve the problem of bringing the performance poten- 
tial of parallel architectures to the applications so that the applications can use this 
potential efficiently. The focus is on parallelism on the instruction-set level which pro- 
vides a high performance potential for a great variety of applications, not just the quite 
restricted sets of applications we see for many coarse-grain parallel architectures. 

These methods have been developed in course of a project at Siemens Corporate 
Research and Development Department. A cooperation with the Institute for Com- 
puter Science at Munich Technical University was installed to join the forces for the 
development of corresponding methods and tools. This cooperation was then entered 
into a national research program at the Technical University, the Sonderforschungs- 
bereich 342 "Methods and Tools for the Usage of Parallel Architectures". 
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1 Introduction 

Research and development of new computer architectur~ are driven by many objec- 
fives, such as increasing system performance for often not-yet known new applica- 
tions, adapting a processor system to new functionalities, and realization of  new 
computing models. The most challenging new architectures are parallel systems. There 
is already quite a zoo of parallel architectures and there is a variety of ways to classify 
them. Quite a few of these architectures exist only conceptually because it is rather 
expensive to develop actually running systems. Many of the parallel architectuw~ are 
especially suited for particular classes of applications (mainly numerical ones); and it 
is possible to achieve impressive performance for such applications. However, there 
are only few parallel architectures equally well suited for standard programs - often 
standard sequential programs will not run at all or only with poor performance. 

Much effort is invested into research in compiler techniques to make programming 
parallel machines easier - but we are still not able to achieve sufficient performance for 
standard, sequential programs on parallel machines. An architecture especially suited 
for a particular application will only survive if there are sufficient users of this applica- 
tion, willing to pay for such a machine. Therefore, we have to provide atwactive per- 
formance and ease of programming for a sufficient number of customers for a price 
(which is determined also by architectural complexity) they are willing to pay. 

This book presents methods for automatic parallelization, so that programs need not to 
be tailored for specific computer architectures by the programmer. These methods are 
dedicated to a particular class of parallel architectures. Here, we focus on fine-grain 
parallelism where the items processed in parallel are machine instructions, not pro- 
cesses as in coarse-grain parallel architectures. Such a kind of parallelism is offered by 
most new microprocessor architectures and by several special architectures, e.g. super- 
scalar and VLIW (Very Long Instruction Word) architectures. The best prospect for 
high performance, however, will be offered by a combination of both, coarse and fine- 
grain parallelism. 

The book is intended for compiler writers, for computer architects, and for students to 
demonstrate the manifold complex relationships between architecture and compiler 
technology. The various problem areas which have to be considered for scheduling 
shall be demonstrated. 

The main topics presented are: 

�9 Architectures for fine-grain parallelism. 

�9 The specific architectural provisions to support fine-grain parallelism. 

�9 Software methods for parallelization by instruction scheduling. 

�9 New parallelization methods based on Percolation Scheduling. 

�9 A new systematic approach to resource management. 

After a classification of parallel computer architectures in section 2, architectures for 
fine-grain parallelism are described in sections 3 - 6. These  sections present hardware 
methods to extract parallelism from programs to increase performance. Still more 
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efficient methods can be provided by software. Sections 7 - 8 present such software 
methods for la'ansforming application programs so that the parallelism offered by the 
architecture can be exploited by the combined efforts of hardware and software 
parallelization. Sections 9 - 12 describe methods and algorithms in more detail which 
have been implemented in tools for fine-grain parallelization, so that applications can 
benefit from the parallelism without changes to their source programs. Section 13 

presents methods for resource scheduling, an important topic which has mostly been 
neglected in research and development of parallelization methods. In section 14 we 
take a look at the problems which arise for exception handling when instructions are 
reordered and, finally, section 15 offers methods for instruction scheduling for deeply 
pipelined architectures. 



2 Kinds of Parallelism 

Parallel processing is offered by machines using from just a few up to many thousands 
of processors. These machines are organized in various kinds of architectures - there is 
a huge variety in the zoo of parallel computer archite~ctures, different parallel comput- 
ing models, etc. Thus, for understanding the world of parallel architectures we need a 
systematic approach, by classifying the different kinds of parallelism. 

Computer 
System 

Computer 
Network 

1. Duplicating whole computer systems 

2. Duplicating parts of computer systems, at least CPUs 

3. Duplicating parts of the CPU, e.g. ALUs 

Figure 1: Parallelism by Replication 
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There are two major ways computer architecture can achieve parallelization: 

i. Separating the functionality: 

The processing of a single instruction is separated into different parts f l ,  f2 ..... fn 
so that at any time (theoretically) one instruction performs part f l ,  another one part 
f2, etc. This kind of parallelism, pipelining, is described in subsection 3.1. 

ii. Duplicating parts and separating the application: 

Parts of a computer system are duplicated to work in parallel while the application 
is separated to run in parallel on these architectural parts. 

Parallel computer systems with duplicated parts can be classified according to various 
criteria. One criterion is the kind of structural items of a computer system which are 
replicated to work in parallel (see subsection 2.1). As shown in figure 1, these parts 
may be ALUs (arithmetic-logical units) as in superscalar processors, CPUs as in multi- 
processor systems or whole computer systems connected via a network. Another crite- 
rion uses for classification the size of the parts of the application processed in parallel 
(subsection 2.2). These parts range from machine instructions to whole programs. 
Other common classifications use the coordination of instruction and data streams 
(subsection 2.3) or the memory organization (subsection 2.4). 

A collection of important papers about architectures offering parallelism can he found 
in [Lilja 91]; all kinds of granularities are considered - from fine-grain to massive par- 
aUelism. 

2.1 Classification by Structural Items 

From the very beginning of the computer age, parallel architectures were considered as 
a means to meet the requirements and wishes for ever increasing performance and 
functionality. Whole computer systems or parts of them are replicated for these pur- 
poses. Figure 1 shows a classification of architectural methods to achieve parallelism. 
The replicated items need not be the same, i.e. in the network of computers we may 
use different kinds of machines, or in the second case different kinds of CPUs may 
work in parallel, as well as different kinds of ALUs (Arithmetic Logical Units) in the 
third case. 

The kind of items replicated is used to specify the kind of parallel architecture. Appli- 
cations on networks of computers have become popular in the nineties when the inter- 
connect systems became sufficiently powerful to allow for such applications. 
Complete computer systems, connected via a computer network, run pans of one com- 
mon application. The kinds of applications running on such systems have to fulfil par- 
ticular requirements: 

�9 The amount of data shared between two computer systems must be low so that no 
huge amounts of data have to be transported between the computer systems which 
is quite performance consuming. 
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�9 The application must be separable into (mostly) independent subproblems which 
can be processed in parallel; the number of synchronizations between the subprob- 
lems must be very low to prevent a significant performance decrease. 

The number of applications fulfilling these requirements is quite limited and thus, net- 
works of computers cannot be used for many applications. On the other hand, there are 
many workstations and PCs available - standard workstations and PCs can be used for 
this kind of parallel processing. Only a fast network and the software for separating 
and controlling the parallel processing of the application prOgram are necessary. This 
may well be the most inexpensive way of coarse-grain parallel processing, and tools 
for supporting the corresponding parallelization and controUing the processing of the 
programs, including the control of parallel memory accesses (like e.g. PVM) may turn 
out very successful. 

The "classical" parallelism is realized by duplicating major parts of a computer, at 

least the CPU and often memory. Duplicating only the CPUs results in shared-memory 
systems and the duplication of memory by giving each CPU its own private memory 
yields distributed-memory systems. 

The goal of processing as much as possible in parallel leads to the reduction of the size 
of the items replicated. Replicating parts of the CPU and often memory was applied 
already in the sixties in IBM machines (see [Tomasulo 67]) and the CDC 6600 (see 
[Thornton 70]). Specific control mechanisms are applied to keep these parts (typically 
ALUs ore memory modules) busy; these may be implemented in hardware (described 
in section 6) or in software (described in section 8). 

2.2 Classification by Items Processed 

The classification according to the items processed in parallel, i.e. the granularity, 
matches to a wide extent the classification according to the replicated structural items. 
The activity units specifying the granularity, i.e. the chunks of programs processed in 
parallel, are mostly processes; this kind of granularity characterizes coarse-grain par- 
allelism. Such processes may be UNIX processes or threads. Usually, programs run- 
ning on such machines have to be designed accordingly by specifying explicitly the 
processes which can be executed in parallel. This is accomplished either by applying 
languages which offer support for parallelism or with sequential languages, using 
library routines for specifying the processes. For systems with distributed memory, 
there is the additional task to map the data to the different processors with their private 
memories. Performing all this automatically is still a research topic and can only be 
applied to special program constructs yet. Thus, the task of exploiting coarse-grain 
parallelism is currently mostly left to the user. 

A special kind of parallelism is offered by highly parallel systems with many thou- 
sands (or up to millions) of processors. Such systems are useful for specific applica- 
tions where algorithms can be developed which make use of such a multitude of 
processors. The tasks of developing algorithms which map problems to such machines 
and programming them are both left to the user, no general methods exist so far. 
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Architectures with coarse-grain parallelism offer significantly higher performance than 
sequential systems for applications which can be expressed by parallel algorithms with 
corresponding mapping to parallel processes. Such applications are mainly numerical 
and database programs. For most other applications significant performance increase 
due to coarse-grain parallelism can only be found in some special cases. 

Fine-grain parallelism is specified by a granularity of items on the instruction level; 
these may either be high-level or machine instructions. Fine-grain parallelism has been 
used traditionally in vector processors. These are mainly useful and efficient for 
numerical applications with e.g. matrix manipulations. There are compilers for vector 
processors which perform the parallelization, mostly for loops, automatically. 

Fine-grain parallel processing on the machine-instruction level has proven to be effi- 
cient for numerical applications, but it can also be used efficiently for general-purpose 
programs. Its main feature is that parallelization is performed automatically without 
requiring the programmer to change any sequential program. The traditional architec- 
ture for fine-grain parallelism uses "vertical" parallelism by overlapping the various 
steps of the execution of machine instructions in processor pipelines. Several machine 
instructions are processed concurrently, each in another pipeline stage. 

In the mid-eighties the first standard microprocessor architectures with "horizontal" 
parallelism occurred, the first one being the Apollo PRISM. Such a "superscalar" pro- 
cessor contains several processing elements which work concurrently to execute 
machine instructions simultaneously. This kind of parallelism has been used before on 
the microinstruction level in horizontally microprogrammed architectures. The experi- 
ences in this area led to the development of Very Long Instruction Word (VLIW) 
machines (see [Ellis 85] and section 4). 

Automatic parallelization for coarse-grain machines means splitting application pro- 
grams into parallel processes and distributing data. For fine-grain systems it means 
reordering the machine instructions so that the processing elements can be kept busy, 
i.e. instruction scheduling. Reordering of instructions is also applied by compilers for 
optimizations. 

2.3 Classification by Instruction and Data Stream Parallelism 

Michael Flynn proposed a simple model for classifying computers by specifying the 
parallelism in instruction and data streams. He chose four classes of computer systems: 

�9 Single instruction stream, single data stream (SISD) 

�9 Single instruction stream, multiple data stream (SIMD) 
�9 Multiple instruction stream, single data stream (MISD) 
�9 Multiple instruction stream, multiple data stream (MIMD) 

In practice, however, these classes overlap. The first class specifies standard, serial 
uniprocessors. The second class, SIMD, is composed of parallel processing units 
which are all synchronized and are controlled by a single instruction and a single pro- 
gram counter (PC). The Connection Machine II is a popular example of a SIMD 
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machine while e.g. vector processors do not classify (according to [Hennessy/Patter- 
son 90]). 

There are no real full MISD machines, however, decoupled or systolic architectures 
may somehow qualify for this classification (see subsection 3.4). 

Most parallel architectures belong to the MIMD class, ranging from multiprocessor 
systems to parallel systems with millions of processors. They all are characterized by 
independent, unsynchronized processors which have their own, separate program 
counter each and process different instructions simultaneously. Synchronization is 
mostly performed explicitly by the programs, not the processors. 

For architectures studied in the following there is no unique class in this scheme. E.g. 
VLIW processors may be characterized as SISD, SIMD or MIMD, whatever charac- 
teristic is used for classification. 

2.4 Classification by Memory Organization 
An important characteristic of processor architectures is the way memory is accessed. 
If several processors (or processing units) access the same memory modules (and 
addresses) then they may work on the same data which means that they also have to 
synchronize their accesses to these data. Such architectures are called shared-memory 
architectures. 

If processors have their own, private memories (and memory addresses) then either 
data have to be passed around or the part of the program processing these data. In the 
latter case, only one processor may access particular data while in the former case sev- 
eral processors may access the same data which will have to be duplicated and copied 
to their private memories. All these machines have a distributed-memory architecture. 

The shared-memory architecture is easier to program than the distributed-memory 
architecture - no shuffling around of data has to be inserted into programs and for par- 
ticular multiprocessor systems, most of the synchronization task is performed by 
coherent caches. A combination of shared and distributed memory is offered by dis- 
tributed architectures with virtually-shared memory. The advantages of both architec- 
tures can be used - the simple computing model of shared-memory syStems and the 
performance advantages of distributed-memory architectures. Mostly, virtually-shared 
memory is implemented so that one processor is the owner of a particular set of data. 
This processor is the only one to write the data but it can pass the right to read the data 
(and the data themselves) to other processors. If another processor wants to write the 
data, it has to become its owner. Big data sets usually are partitioned so that only small 
sections have to be copied to the memories of other processors. All activities concern- 
ing distribution of data and access rights are transparent to the user, they are managed 
by virtually-shared memory management. This virtually-shared memory is most con- 
venient for users of distributed-memory machines, however its performance is crucial 
for its application. 



3 Architectures for Fine-Grain Parallelism 

There are two kinds of fine-grain parallelism, distinguished by the way the activity 
units overlap parallel processing. The items considered for parallelism are machine 
operations. On most computer architectures, the execution of a machine operation is 
separated into several phases, implemented as the different stages of a processor pipe- 
line. We call this "vertical parallelism". The basic hardware unit for processing a 
machine instruction is called a processing element (PE). When several of these PEs 
can start and execute machine instructions in parallel, we call this "horizontal parallel- 
ism". 

Def. 1: Vertical Parallelism 

A pipelined processor offers vertical parallelism if the execution of a machine 
instruction is separated into several stages and several instructions may be active at 
the same time in different phases of their execution. 

Def. 2: Horizontal Parallelism 

A processor with n (n > 1) processing units which can start and execute several 
machine instructions at the same time offers horizontal parallelism. 

Some constraints on the architecture imposed by paraUelization methods are described 
in section 7. 

3.1 Vertical Parallelism 

I_FE: 
DEC: 
EXE: 
MEM: 
WB: 

l I F E  DEC EXE I MEM 
I FE DEC EXE 

I FE DEC 

[i_~ 

Instruction fetch 

WB 

~IEM 

EXE 

DEC 

LFE I 
DEC I EXEI~mM I WB [ 

Read source registers and decode operation code 
Instruction execution 
Memory access 
Write result back to register file 

Figure 2: Base Architecture Pipeline 

Vertical parallelism is the kind of instruction execution applied by the classical pipe- 
lined machines. Figure 2 shows how the pipeline of the MIPS R2000/3000 processor 
works, as an example of a basic processor pipeline. Each (internal) clock cycle a new 
instruction is fetched and each clock cycle one instruction can be completed; thus, five 
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instructions may be processed concurrently, each in another pipeline stage. Often the 
pipeline of a base architecture is simplified by omitting the memory (MEM) phase. 

This kind of architecture is also relevant for our further considerations. There is a trend 
towards deeper pipelines; the MIPS R3000 had five pipeline stages while the MIPS 
R4000 has already eight. The higher the number of pipeline stages, the higher the 
degree of parallelism and thus, the higher the peak performance. However, with 
increasing pipeline depth we have an increasing probability for encountering two 
dependent instructions in the pipeline concurrently. If an instruction detects in its RF 
pipeline stage (see figure 2) that one of its source operands is not available because 
another instruction producing this operand is not yet completed, the pipeline has to be 
stopped and no new instruction is started until this operand is available. There may be 
many reasons for such pipeline stalls, due to exceptions or busy resources, most of the 
latter in the floating-point pipeline. 

Thus, increasing the processor pipeline depth does not bring the benefit implied by the 
pipeline structure itself, i.e. the number of pipeline stages, due to pipeline stalls. Sec- 
tion 15 shows how the performance of machines with deep pipelines can be increased 
by instruction scheduling. 

3.2 Horizontal Parallelism 

The processing elements of a machine with horizontal parallelism may themselves 
offer vertical parallelism using pipelining. Then, the time between issue and comple- 
tion of an instruction may last several clock cycles (in contrast to just one like in the 
Multiflow TRACE machines, see [Colwell et al 88] and subsection 4.1). The instruc- 
tion fetch phase for a pipelined horizontally parallel processor is common for all 
instructions executed concurrently. 

A typical example for horizontal fine-grain parallelism are VLIW (Very Long InsU'uc- 
tion Word) machines which were first developed in the context of horizontally micro- 
programmed machines. 

3.2.1 V L I W  A r c h i t e c t u r e  

In Very Long Instruction Word (VLIW) architectures we have n processing elements 
(PEs) working in lock-step (tightly synchronized). In this context, the word "opera- 
tion" describes a single machine operation processed by one PE. An "instruction" is 
used to describe the set of operations issued concurrently. 

Each clock cycle a new instruction word is fetched from the instruction cache; such an 
instruction consists of n fields, each containing one operation. The first operation of an 
instruction word is executed by the first PE, the second operation by the second PE, 
etc. Obviously, such a machine is most efficient if we can keep the PEs busy. 
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Very Long Instruction Word 

[hastructi~ H add I mul [ ]branch I 

_ 

Memory ~t 1~t ~t ~t 
I-~- ~ I1 Register File ] 

Figure 3: VLIW Architecture 

This architecture is an example how hardware and software can cooperate to achieve 
high performance. Software methods described in section 8 are applied to reorder the 
intermediate code of a program and compact it into the very long instruction words so 
that high performance can be achieved by executing many operations in parallel. The 
main feature of VLIW systems is not just the architecture - it is the combination of 
hardware and software methods which allow to use the resources efficiently. 

A look at the architecture in figure 3 shows some properties which yield constraints on 
architectural variety. All PEs have to access one common register file concurrently, 
which means that we need 2*n read ports and n write ports to the register file. This is 
quite cosily with respect to chip space; however, if we can't integrate PEs and register 
file on the same chip then we have to pay the penalty with increased register access 
time or reduced clock frequency. There is a wade-off between chip space and perfor- 
mance. Considering the space for integration, it may be most efficient to use a clus- 
tered architecture with e.g. 4 PEs together with one register file on each chip. 
However, if one PE needs an operand from another cluster's register file, it has to be 
copied to its own register file first; this will cost at least one additional clock cycle. For 
determining an architecture with sufficiently high performance for particular applica- 
tions, a thorough analysis has to be performed using samples of this application as 
workload. Several architectural enhancements have been proposed to overcome this 
problem, e.g. "shadow" registers as duplicated register files (see [Ran 88]) or funnel 
files (see [Labrousse/Slavenburg 88]). 

Further architectural constraints of VLIW architectures are discussed in section 7. 

VLIW methods for supporting high PE utilization and thus exploiting the performance 
offered by such an architecture are based on instruction scheduling. The programs run- 
ning on a VL1W machine are first compiled like any program on a conventional 
machine. The intermediate-code representation of the compiled program is then reor- 
dered and grouped ("compacted") into tuples of operations which can be executed in 
parallel. Each group contains up to n operations; it is then mapped to one instruction 



3.2 Horizontal Parallelism 11 

word, tilling the blank fields with noops. More on instruction scheduling is presented 
in section 8. 

3.2.2 Superscalar Processor Architectures 

Superscalar processors have multiple processing units like VLIW architectures. How- 
ever, they use dynamical instruction-scheduling to exploit instruction-level parallel- 
ism. This means that the machine operations are reordered by hardware during a 
program's run time. 

Instruction 
I Instruction Cache ] window 

f 
Memory 

t 

I i Data Cache v I 

I 

i add '! 
~ |  mui I 
v I b ;a 'nc  h 

: : : : " ;x"  ....... J 

R e g i s t e r  F i le  f 
Figure 4: Superscalar Processor Architecture 

Figure 4 shows a basic superscalar processor architecture. Like in VLIW architectures, 
there are n processing elements; in superscalar processors these are usually heteroge- 
neous. The instructions are the standard machine operations, no long instruction words 
as in VLIW architectures; thus, superscalar processors are mostly binary compatible to 
the sequential members of the processor family they belong to. Each clock cycle, a set 
of machine instructions is fetched, decoded, and inserted into an "instruction window", 
a set from where the instructions to be executed are selected. The instructions are reor- 
dered dynamically in the instruction window by mapping them to particular PEs, e.g. 
an add operation to an integer ALU, a mul operation to a multiplier, a branch operation 
to a branch PE. The instruction window may be implemented as set of local buffers for 
the operations waiting for execution on a particular PE, called reservation stations (see 
[Johnson 91] and subsection 6.1). 

The logic controlling the mapping of instructions to PEs has several tasks. For each 
instruction in the window we have to check prior to execution if its source operands 
are available. If they are currently being computed by a preceding instruction, we have 
to wait until these operands are available in some registers (e.g. in bypass registers). 
Thus, we have to keep track about registers which are targets of operations started but 
not completed yet and of operations which have to wait for operands. Scoreboarding is 
a common technique for this purpose (see [Johnson 91] or [Hennessy/Patterson 90]). 
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With this method we can cope with true dependences between instructions (read-after- 
write dependences, see definition in subsection 7.1). However, for avoiding errors due 
to other dependences, anti- (write-after-read, see def. 4 on page 38) and output- (write- 
after-write) dependences, we need some other technique. Dynamic register renaming 
is used for this purpose. If an instruction wants to write to a register which is currently 
in use (read or written) by a preceding instruction, then its destination operand is 
renamed and another register is used as destination for this instruction. However, this 
means that all future uses of this register as source operand have to be renamed the 
same way, until another write to this register is performed. Reorder buffers are needed 
for each PE to accomplish renaming (see [Johnson 91] and subsection 6.1). 

This shows us the main characteristics of superscalar architectures: 

�9 U p  to n operations can be executed concurrently on n PEs. 

�9 Out-of-order issue and out-of-order completion of instructions are possible (if the 
chip space required for these features is spen0. 

�9 Instruction reordering is performed dynamically. 
�9 High hardware cost for achieving performance (scoreboarding, reservation sta- 

tions, etc.). 
�9 High hardware costs for maintaining semantic consistency (for detecting depen- 

dences). 

3.3 Classification of Pipelined Processor Architectures 

The architectures described above can be classified with respect to their pipeline func- 
tionality like in [KarlW 93]. Figures 5 - 7 demonstrate the differences of such architec- 
tures expressively. 

Figure 2 above shows the pipeline of a base architecture like e.g. the MIPS R3000 
while figure 5 presents a "superpipeline~ architecture, the MIPS R4000. A superpipe- 
lined architecture is constructed from a base architecture by splitting the pipeline 
stages as far as possible. The goal is to increase the clock frequency accordingly (i.e. 
dependent on the number of gates in the now smaller pipeline stages). A comparison of 
figure 2 with figure 5 shows how the pipeline stages were spliL The first stage was 
split into two stages for inslruction cache access and TLB access, register fetch and 
decode remains one single stage as well as the execution stage and the write-back 
stage, while the memory access stage is split into three stages. The distribution of the 
logic in the different pipeline stages is sufficiently uniform to allow for high clock fre- 
quencies. 

A superscalar processor architecture executes several instructions in parallel using 
several pipelines (in corresponding PEs) working concurrently. However, mostly the 
pipelines are specialized to perform particular operations only, there is an At,U, a 
memory access unit, a multiplication unit, etc. Figure 6 shows the schematic represen- 
tation of a superscalar processor architecture pipeline structure with four PEs. Each 
clock cycle, four instructions are fetched, each one is decoded separately, the source 
registers are fetched separately, and the instruction execution is performed in parallel 
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on all four PEs. Of course this is only possible if the instructions can be processed on 
the particular PE, i.e. if we have one single memory access unit then we can keep the 
four PEs only busy if one(and only one) of the four instructions fetched is a memory 
access instruction. 
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TC: Data tag check 
WB: write the result back to the register file 

Figure 5: Pipeline of an Architecture with Vertical Parallelism (MIPS R4000) 

In conlrast to superscalar processors we have just one instruction word to fetch per 
clock cycle in VLIW processors, all operations belonging to one very long instruction 
word are fetched in parallel. The PEs decode and fetch the source operands separately, 
as well as instruction execution and writing back the destination operand. Figure 7 
shows the structure of a VLIW pipeline. However, VLIW machines need not be pipe- 
lined as e.g. the TRACE machines (see subsection 4.1) show. In [KarlW 93] these 
architectures are classified according to the more detailed Bode classification, and 
bounds for their processing power are determined. 
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Figure 6: Superscalar Processor Pipeline Structure (with four PEs) 
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3.4 Other Architectures for Fine-Grain Parallelism 

Several architectures exploiting fine-grain parallelism have been developed. Decou- 
pied access / execute architectures arc intended for floating-point applications (see 
[Windheiser/Jalby 91]). They separate the memory access from computations. They 
consist typically of two processors, one for address generation and one for floating- 
point computations. The processors communicate through a network of queues. Exam- 
ples of decoupled access / execute architecture are the Astronautics ZS-1 and the 
Structured Memory Access (SMA) machine. The Astronautics ZS-1 consists of four 
main modules: splitter, access processor, execute processor, and memory. 

The splitter fetches instructions from the instruction cache and dispatches them to the 
appropriate processor, using one issue queue for each processor. Thus, the splitter can 
work ahead of the processors. The splitter is also responsible for processing branch 
instructions. The access processor generates memory addresses and performs integer 
arithmetic. The access processor fetches instructions from its issue queue if there are 
no unresolved dependences on preceding instructions. Four queues are used to com- 
municate with the memory: a load-address queue containing addresses for load opera- 
tions, a store-address queue containing addresses for store operations, a load queue, 
and a store queue for the data loaded to or stored from memory by the access proces- 
sor. The execute processor performs floating-point arithmetic; it fetches instructions 
from its own issue queue (where they were inserted by the splitter) and has an own 
load queue and store queue for loading data from memory and storing them. For copies 
between the two processors, there are two queues for copies in both directions. The 
queues allows the two processors, the splitter, and the memory unit to work indepen- 
dently (restricted by queue size). For exploiting the fine-grain parallelism, the compiler 
performs loop unrolling and instruction scheduling (see section 6). 

The iWarp is a system architecture intended for signal, image, and scientific comput- 
ing. The processor was developed as a joint effort between Carnegie Mellon Univer- 
sity and Intel Corporation (see [Borkar et al 88]). An iWarp system is composed of a 
collection of iWarp cells. They may be arranged as a ring, a toms, an array for systolic 
processing or other topologies. An iWarp cell consists of an iWarp component and its 
local memory. Figure 8 shows the major functional units of an iWarp cell. 

The pathway unit builds together with four input and output ports the communication 
agent to connect iWarp cells. Logical busses are multiplexed on each physical bus so 
that 20 incoming pathways can operate simultaneously in any single iWarp compo- 
nent. The pathway unit performs the routing for one and two-dimensional configura- 
tions of iWarp processors. The output channels of the pathway unit can be accessed by 
reading and writing from specific registers which are assigned to the corresponding 
ports (see figure 8). The computational unit contains a floating-point adder, a floating- 
point multiplier, and an integer/logical unit. Each iWarp cell contains a register file 
with 128 registers of 32 bits length. The memory unit consists of an off-chip local 
memory for data and instructions and an on-chip program store. 
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Figure 8: iWarp Component Architecture ([Borkar et a188]) 

Two operation code formats are offered: one 96-bit, very long instruction word which 
controls all processing units and a small, 32-bit instruction word for operations on a 
single processing unit. A very long instruction word takes two clock cycles for its exe- 
cution and can initiate 9 operations: one floating-point addition, one floating-point 
multiplication, two integer operations or three address calculations with memory 
accesses, two read operations from the input channels, two write operations to the out- 
put channels, and one branch operation to a loop header. Register bypassing (a path 
directly from the output of a processing element to the inputs of all processing ele- 
ments) provides the results of operations as inputs to succeeding operations. 

The parallelism in programs is exploited by the W2 compiler which was developed at 
Carnegie Mellon University. It supports programming for explicit coarse-grain paral- 
lelism and provides software-pipelining techniques for fine-grain parallelism. 

3.4.1 C o n d i t i o n a l  E x e c u t i o n  

An important architectural feature is the support for the computing models of condi- 
tional execution or speculative execution. In the classical (absolute) computing model 
we have one (or more) program counter(s) determining which instruction(s) to process 
next. The flow of instructions, they may be processed in parallel or not, is only 
changed by a well-defined set of insmlctions: {branch, jump, call, return, syseall} and 
by exceptions. When the instruction determining the change of instruction flow is a 
conditional branch, the corresponding condition has to be evaluated before the branch 
can be executed. For parallel architectures this may be a significant performance obsta- 
cle - often many instructions might be processed in parallel, but they have to wait for a 
single thread of execution which has to be processed for the evaluation of such a con- 
dition. 
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These problems lead to the following idea: Suppose, we have an architecture with suf- 
ficient resources (PEs, busses, registers etc.). Why can't we process both successor 
paths of a conditional branch (the TRUE and the FALSE successor paths) and, after 
having evaluated the branch's condition, throw away the results of the path which will 
not be taken7 

This idea is the base of the conditional-execution model. However, there are still some 
problems to solve. The instructions of both successor paths of such an architecture will 
write to the same registers, and whoever writes last will determine the registers' con- 
.tents. Thus, these register contents will generally be unpredictable. To avoid this, we 
need duplicated registers: each processing elements writes to its own sets of registers 
and after the branch's condition is evaluated, the register file of the path which will be 
continued is marked as valid and the other one, containing the results of the wrong 
path is marked as invalid. An interesting solution to this register-file problem is imple- 
mented in the Cydra architecture; see subsection 4.3. 

Now we can extend these ideas (as in [Hsu 86]). We mark each single instruction with 
the result of one or more previous conditional branches. This instruction will only be 
processed (i.e. its results will only be marked as valid) if this mark is set as TRUE. 
These "guarded" instructions are used in the LIFE architecture described in subsection 
4.4. 

We might even assign each single instruction the contents of condition-code registers 
which were set by evaluations of branch conditions and use masks and expressions 
combining the masks with the condition-code register's contents to decide if the 
instruction's result will be valid. This is used in IBM's VLIW architecture described in 
subsection 4.2. 

3.4.2 History 
In the architecture newsgroup in usenet, an interesting architecture was mentioned. In 
the mid-sixties, the IBM ACS (Advanced Computer System) was designed. Each 
clock cycle, seven insu'uctions could be issued out-of-order, including three fixed- 
point and three floating-point instructions. The architecture had a 96-entry target- 
instruction cache where instructions at target addresses of branches were stored to 
reduce the penalty for taken branches. 

The architecture offered some more interesting features: a register-renaming scheme, 
24 condition-code registers, conditional writeback bits allowing to conditionally skip 
register-file writebacks, a scheme for a variable number of branch-delay slots, dynamic 
branch-prediction used for prefetch, and a scheme for multithreading two instruction 
streams. Regrettably, the project was cancelled in 1968 and many of these good ideas 
had to be reinvented. 
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Only a few actual VLIW machines have been built. The most famous one is the family 
of Multiflow's TRACE machines, see [Colwell et al 88] and [Clancy et al 87]. These 
architectures are described below. Their method for compacting code to create the very 
long Instruction Words, increases the number of ports and Scheduling, is described in 
subsection 8.3.1. Multiflow and Cydrome, who built the Cydra machines, were small 
companies which didn't survive. However, VLIW is discussed intensively in the archi- 
tecture community and Hewlett Packard and Intel have announced that they are build- 
ing a processor on VLIW basis together. 

4.1 Multiflow TRACE 

The Multiflow TRACE machines are the best-lmown VLIW computers. They were 
built by the team of Josh Fisher who developed the Bulldog compiler (see subsection 
8.3.1) and the Trace Scheduling method for global instruction-scheduling. The 
TRACE computers were built as two families, the/200 and the/300 families. Each 
family comprises three members, the 7/200, 14/200, 28/200, and similarly for the/300. 
They perform 7, 14 or 28 operations per clock cycle. Figure 9 shows the principles of 
the TRACE 7/200 architecture. 

Very Long Instruction Word: 

ialu/mem ialu ial~ ]ialu/mem falu ] fmul ~ ~  
oparauon operauon operauonl operauon operauon operauon[ 

II 64 32-bit 32 64-bit 
Integer Registers Float Registers 

I I 512 Mb, N-way interleaving ] 

Figure 9: TRACE 7/200 Architecture ([Colwell et al 88]) 

The TRACE 7/200 applies a 256-bit very long instruction word comprising seven 
operations, four of them integer, two floating point and one branch operation. These 
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seven operations are executed in parallel. The clock cycle is split into two minor 
cycles. Each minor cycle, a new instruction is issued; an integer operation takes one 
full cycle to complete while floating-point operations take longer. 

The 7/200 module can be doubled to create a 14/200 machine which has a 512-bit 
instruction word comprising 14 operations. Similarly, doubling the 14/200 yields a 
TRACE 28/200 with 28 operations in a 1024-bit instruction.The 7/200 CPU consists 
physically of three boards, one integer board, one floating-point board, and one board 
containing program counter, interrupt logic, and interrupt hardware. A pair of integer / 
floating-point boards is connected with a special 32-bit bus for data exchange without 
using the (slower) backplane. Each board is equipped with a register file of 64 32-bit 
general-purpose registers; on the floating-point board these are organized as 32 64-bit 
floating-point registers. Twelve busses are connected to a board allowing four read and 
four write accesses to the registers per minor cycle, as well as four bus-to-bus trans- 
missions. Additionally, there are bypasses from write ports to all read ports. 

At the beginning of an integer operation, the destination register and its register bank 
are determined. This may be the local register bank on the integer board, the register 
bank on the associated floating-point board, or the register bank on another integer 
board (for the 14/200 or 28/200). The integer boards contain additionally a TLB (a 
"translation lookaside buffer" for mapping virtual to physical memory addresses) with 
4K entries and process tags for 8K-byte pages. 

The floating point processors comply with the IEEE 64-bit standard. The floating-point 
board contains a store buffer of 32 32-bit registers. For store operations the addresses 
come from the integer board and the data from the store buffer on the connected float- 
ing-point board. This helps to avoid conflicts between stores and other operations. 

A TRACE machine may contain up to eight memory controllers, each of which con- 
trois up to eight memory banks. A fully equipped system contains 512 Megabytes of 
physical memory. The memory banks are interleaved (the data are spread among the 
banks), allowing parallel access to all memory banks. Up to four memory accesses per 
minor cycle can be performed (on a 28/200), one per integer board. The memory banks 
are managed by software at compile time with no additional hardware as e.g. in vector 
processors. This allows very simple and fast busses. For accesses where the compiler 
knows the memory module at compile time, these fast mechanisms are used, so that 
the busses need no arbitration hardware, queues for data, hardware for synchroniza- 
tion, and interrupts. For accesses to statically unknown addresses, another (slower) 
mechanism is applied. 

A special Unix operation system was developed allowing the use of all Unix tools. 
Additionally, many application programs for the main application area of these 
machines, numeric computing, were developed. 

4.2 IBM's VLIW Processor 

At IBM's T.J. Watson Research Center a VLIW computer was developed not only for 
scientific applications like the TRACE machines but also for general-purpose applica- 
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tions. This architecture supports multiway branching and conditional execution. The 
computing model appfied is based on tree-shaped instructions; see [E~ioglu 88] and 
[KarlW 93]. In [Ebcioglu 88] an architecture with 16 processing elements is described, 
however later this was reduced to eight processing elements in the prototype. 
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Figure 10: IBM's VLIW Architecture ([Ebcioglu 88]) 

These processing elements are identical 'ALUs for integer and floating-point opera- 
lions. There is a central register file with 64 33-bit registers. The register file is imple- 
mented in bit-slice technique and contains 24 ports (for 8 PEs) so that each processing 
element can read two operands and write one operand in the register file in each cycle. 

The ALUs contain integer pipelines, however their floating-point part is not pipelined. 
The results of ALU operations are written back to their destination registers in the 
cycle following their computation, however a bypass network provides the results for 
usage by all ALUs in the cycle after computation. 

. 

The architecture is a 33-bit architecture with the 33rd bit characterizing an operation as 
interruptible or uninterruptible. This mechanism provides the ability of conditional 
execution. When e.g. a division operation is moved by the instruction scheduler ahead 
of the conditional branch testing the denominator for 0, an interrupt would occur 
whenever the denominator is O because the division is now processed in any case. 
However, this architecture can cope with this case: The moved division operation is 
then marked as uninterruptible which causes the result register to be marked in its 33rd 
bit as containing the result of an operation which caused an exception. This result may 
be used in further uninterruptible operations and will be propagated accordingly. When 
an interruptible operation (one which was not moved above the conditional branch) 
uses that value, this indicates that the path with the division is actually taken, the inter- 
rupt will finally occur. Each operation exists in both versions, interruptible and unin- 
termptible, and it is the compiler's task to use interruptible and tminterruptible 
operations accordingly. 
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The memory is composed of eight banks and allows four concurrent accesses, i.e. an 
instruction word may contain four memory-access operations. 

Each processing element is assigned a two-bit condition-code register where one bit is 
used to characterize an undefined value. A conditional-branch operation decides upon 
the contents of all condition-code registers about the next instruction address. Each 
instruction word may contain up to three conditional branches, allowing each instruc- 
tion to have up to four successors. 

The computing model is based on instructions having the form of a tree of operations 
as shown in figure 21 on page 48. The nodes of the tree represent compare operations 
(resp. conditional branches) and the edges represent the other operations occurring 
between the compare operations. The tree's leaves are labels of the successor instruc- 
tions, i.e. L1 ..... L4 in figure 21. The processing of such an instruction tree starts by 
choosing an execution path through the tree. This is performed by evaluating the com- 
pare operations top-down. These comparisons are performed in parallel. Next, the 
operations at the edges of the chosen path are executed, i.e. their results are marked as 
valid while operations on other paths are invalid. Afterwards, processing continues at 
the successor determined by the chosen path through the instruction tree. 

The instruction word has a length of 537 bits and contains mask fields in addition to 
the operations. Each processing element is assigned a 4-bit "lransfer enable mask" to 
characterize the place on the inslruction-tree path of the corresponding operation. The 
compiler sets bit i of this mask (i < 4) if the operation is on the path to the i-th succes- 
sor label (leaf of the tree). Now, if at the beginning of an instruction execution, the 
contents of the condition-code registers determine the path to the i-th successor of the 
instruction word as the one to be taken, only operations with the i-th bit of the mask set 
may write their results to their destination registers. This mechanism supports the con- 
ditional execution model. 

The branch conditions are represented as expressions of the contents of the 8 condi- 
tion-code registers. For each conditional-branch operation in the instruction Iree there 
are two 8-bit masks to code these expressions, for the TRUE-path and the FALSE- 
path, respectively. These masks specify two subsets of the set of condition-code regis- 
ters; condition-code register i belongs to the first subset if the i-th bit of the first mask 
is set. The branch condition evaluates to TRUE if all condition-code registers specified 
by the first of these sets are TRUE, and all condition-code registers of the second set 
contain the value FALSE (compare figure 21 and the expressions thereafter on page 
48). The mask can also specify that the content of a condition-code register is not rele- 
vant for the comparison. The branch-target addresses are specified in three of the six 
32-bit immediate fields of the instruction word. The output of the first processing ele- 
ment may also be specified as branch-target address to execute computed branches. 

A variant of Percolation Scheduling (see subsection 8.4.1) is used to extract parallel- 
ism from application programs during compilation. The nodes of the program graph 
contain Ixees of operations which are independent, according to the computation model 
(see subsection 8.4.2). Loop parallelization is combined with instruction scheduling to 
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allow operations from different loop iterations to reside in the same instruction word 
(see subsection 8.5.4). 

4 .3  C y d r a  

The Cydra 5 was built by Cydrome, Inc. (see [Rim 88], [Rau 92] and [Ran/Yen/Towle 
89]). Called a ,,Departmental Supercomputer", it is a heterogeneous multiprocessor 
system for engineering and scientific applications. The Cydra system, as shown in fig- 
tire 11, consists of three kinds of processors: interactive processors for general-purpose 
applications, I/O processors, and a numeric processor with a VLIW architecture. The 
processors are all connected to a central bus, together with the memory system and a 
service processor for the console. The numeric processor offers some good design 
ideas which found their way into later designs of other systems; its architecture is 
shown in figure 12. 
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Figure 11: Cydra 5 System Architecture ([Rau/Yen/Towle 89]) 

The general-purpose subsystem is tightly integrated and shares memory with the 
numeric tm3cessor. A Unix operating system was developed for the interactive proces- 
sors. 

The numeric processor is based on the "Directed Dataflow Architecture". In a pure 
dataflow architecture, all operations can be executed as soon as their input operands 
are available. The Cydra system schedules the operations at compile time so that an 
operation is executed when their input operands are (presumably) ready. Access to the 
register file is a bottleneck whenever there are several processing elements. Theoreti- 
cally, two read ports and one write port are necessary for performing parallel process- 
ing (like in the IBM VLIW). Cydra uses a Context Register Malrix with a register file 
of 64 registers of 32 bits length at each crosspoint (see figure 12). Each row can be 
written be a specific processing unit and all register files have identical contents. Each 
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register file can be read by a single processing unit, the one at its column in the matrix. 
The register files of a row can be read in parallel, thus each row is equivalent to a sin- 
gle multiported register file with one write and multiple reads per cycle. Each single 
register file can process one read and one write access per cycle. This architecture 
allows conflict-free access for each processing unit. 
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Figure 12: Cydra 5 Numeric Processor Architecture ([Rau/Yenfrowle 89]) 

Additionally, there is a general-purpose register file (GPR) which can be read by all 
processing elements in a cycle and written by all, but only one at a time. The process- 
ing units are separated into two clusters, a data cluster (left in figure 12, registers no. 
1 - 4) and an address cluster (on the right hand side in figure 12, registers no. 1 - 2) for 
address calculations. The Context Register Matrix is split accordingly. This split 
reduces the number of register files necessary for concurrent accesses. 

A frequent element of numeric applications are loops; often they influence a program's 
run time significantly. Cydra has specific architectural support for loop processing. Just 
like a compiler creates a stack frame for each procedure, in Cydra an iteration frame is 
allocated for each loop iteration dynamically at run time. This allows several iterations 
to be processed concurrently. The context registers are accessed with an instruction- 
specified displacement from an Iteration Frame Pointer which is incremented each 
time a new iteration is initiated. The displacement is computed at compile time. 

Instruction scheduling is supported additionally by hardware offering conditional- 
scheduling control. Each operation uses a third input, a predicate which determines 
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whether the instruction will be executed. The predicate specifies a register in the bool- 
ean Iteration Control Register file (ICR) (see figure 12). They contain e.g. the boolean 
results of conditional branches in loop bodies, 

The instruction set is similar to standard RISC architectures; only read and write oper- 
ations access memory. For double-precision floating-point operations, the halves of 
64-bit operands can be assigned to different, unrelated registers. Thus, a 64-bit opera- 
tion has four input and two output operands, and there is an empty slot in the instruc- 
tion schedule of  a processing element after each 64-bit operation. 

There are two kinds of instruction formats: the multi-op format is 256 bits wide and 
contains seven operations, six for the processing elements and one for controlling the 
instruction unit; for sequential code, the uni-op format allows for a single operation per 
instruction. The multi-op format contains 18 Context Register Matrix specifiers and 
six ICR specifiers. 

For processing dependences correctly the compiler marks a register as "busy" from an 
operation overwriting it until the last operation reading this value. Concurrent memory 
accesses are supported by pseudo-randomly interleaved memory modules where 
requests are queued. For architectures with constant interleaving of memory modules 
there are always some applications which access preferably a single module inside a 
loop thus decreasing performance significantly. Therefore, the overhead for pseudo- 
random interleaving of the memory modules was spent in the Cydra architecture. 

4.4 LIFE (Philips/Signetics) 
Philips Research at Palo Alto produced LIFE, a VLIW microprocessor using a CMOS 
process (with e-beam direct-write-on-wafer lithography). In contrast to all other VLIW 
machines it is intended for (embedded) scalar integer applications. The LIFE processor 
contains six functional units, however in a general sense of ,,functional unit". These 
are two ALUs, one memory interface, one branch unit, one register file, and a constant 
generator (see figure 13). The specific, most interesting characteristic of this processor 
is its ,,multilx)rt memory". This memory contains the result from operations on the 
functional units and provides the input operands for the functional units. It is a kind of 
a general bypass network, allowing for fast access to operands. Each functional unit is 
connected to a register file with separate read and write ports. The ports' addresses are 
directly controlled from the instruction word. The register file's write port is connected 
to a multiplexer which selects each cycle the output of  (at mos0 one functional unit to 
be written into its register file. This combination of  register file and multiplexer is 
called a ,,funnel file". The compiler determines during compilation for each output 
oporand of an operation on which functional unit this operand will be used in future; 
this operand is written into the funnel file of that specific functional unit as soon as it is 
produced. The funnel-file system is insofar no full multiport memory as only one value 
can be written into a given funnel file per cycle. However, collisions are determined by 
the compiler and solved by scheduling the operations accordingly. 
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The instruction set is rather small, comprising about 40 operations. Memory is 
accessed via read and write operations and the register file (used as a functional uni0 is 
accessed via "readreg" and "writereg" operations. The instruction word has a length of 
200 bits for the six functional units and each clock cycle a new instruction may be 
issued. The LIFE architecture is customizable for specific applications. It may contain 
a smaller or larger number of functional units; other units, e.g. a multiplier may be 
added. 
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The computing model of LIFE is based on guarded operations, as proposed in [Hsu 
86]. Together with an operation, each functional unit except the constant generator gets 
an extra Boolean operand from the multiport memory, the operation's guard. The com- 
piler determines for each operation the corresponding guard value, a conditional which 
determines if the operation may complete. An operation may write back its result or 
change the processor state by side effects only if its guard value evaluates to TRUE. 
This is a form of speculative execution - a LIFE processor may e.g. start with both suc- 
cessors of a conditional-branch operation before the condition is evaluated. The condi- 
tion of the branch will serve as guard. Thus, the performance is increased for both 
possible results of the conditional-branch operation. 

4.5 The XIMD Architecture 

A. Wolfe and J. Shen present in [Wolfe/Shen 91] the XIMD architecture which tries to 
overcome the disadvantages of VLIW architectures while keeping their advantages. In 
applications with many branch and call operations, VLIW architectures are limited in 
their capability to exploit enough parallelism; this holds still more for superscalar 
architectures. Multiway branches are quite complex to implement and thus the number 
of branches which can be executed concurrently is limited. Unpredictable memory and 
peripherals behaviour may decrease performance because a parallelizing compiler has 
to make worst-case assumptions to guarantee correct program execution. The XIMD 
architecture (an acronym for Variable Instruction Stream, Multiple Data Stream Pro- 
cessor) combines the idea of instruction streams with VLIW by controlling each pro- 
eessing unit by a separate program counter. 
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Figure 15: XIMD Architecture ([Wolfe/Shen 91]) 
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XIMD can split its processing units among one or more instruction streams; the num- 
ber of these instruction streams can be varied dynamically at run time, however based 
on a scenario generated by the compiler. 

Figure 15 shows the basic XIMD architecture. It is similar to a VLIW architecture, but 
the instruction sequencer is duplicated for each processing unit. Condition-code infor- 
mation is distributed to each of the sequencers. The sequencers may operate identically 
for a VLIW operation mode or separately for a MIMD operation mode. The compiler 
tries to resolve dependences as far as possible during compilation time and addition- 
ally, it can generate code for explicit synchronization between instruction streams. 

The very long instruction words are separated into instruction parcels, each of which 
controls one specific processing element. Each instruction parcel comprises a conlrol 
operation (conditional or unconditional branch) and a data operation. For non-branch- 
ing operations, the control operation denotes just a branch to the subsequent operation. 
The instruction parcels of one instruction word need not reside at the same address, 
each processing element may branch to a different address. The computing model 
allows the compiler to implement a variety of synchronization mechanisms, barrier 
synchronization as well as more complex synchronization mechanisms. 
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VLIW architectures are based on several principles: 

�9 Keeping the hardware simple so that it can be made fast. 
�9 Offering sufficient hardware resources for parallelism. 
�9 Extracting parallelism from the application programs statically by software. 

�9 Hardware support for synchronization or sequencing is only applied when software 
cannot predict application-program behaviour statically and when (the necessary) 
worst-case assumptions would cost too much performance. 

1. Keeping Hardware Simple 

Depending on the kind of application, 4 - 16 processing elements can be kept busy, 
supposing that the scheduler can extract sufficient parallelism. Hardware has to pro- 
vide fast busses to memory modules and register banks. The busses may be simple, in 
the TRACE machines they did not need arbitration logic because the scheduler deter- 
mined bus usage statically at compile time. Thus, the busses could be made fast. 

2. Memory Accesses 

For many machines and applications, memory access is a bottleneck, in VLIW and 
superscalar processors even more than in scalar processors because we have to feed 
several processing elements at a time with data from memory. Hardware has to provide 
sufficient memory bandwidth, e.g. using multiport memory like in the IBM VLIW or 
with memory modules accessible in parallel like in the TRACE machines. However, 
accesses to multiple memory modules have to be distributed among these modules so 
that not all memory accesses are addressed to one single memory module for particular 
applications. This can be implemented e.g. by using (pseudo-) randomly interleaved 
memory modules like in the Cydra or by assigning random addresses. 

Since memory access is a major bottleneck, as much information as possible should 
reside in registers. This holds for scalar processors, too, but on the one hand, the prob- 
lem is harder for fine-grain parallel processors since we have more processing ele- 
ments to feed while, on the other hand, for VLIW processors it is easier to address 
more registers because we can increase the number of bits to address registers in an 
instruction word. That cannot be done in standard architectures where instruction for- 
mats have to be compatible to earlier processors of the same family. 

3. Register Files 

In VLIW architectures we can spend more bits per operation to specify source and des- 
tination registers which allows for bigger register files. While standard microproces- 
sors usually don't have more than 32 registers, the TRACE machines provide 64 
integer and 32 floating-point registers, i.e. 6 bits to specify an operand for an integer 
operation. In the IBM VL1W and Cydra, 64 integer registers are provided, too (per reg- 
ister file in Cydra). 
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However, all processing elements must have access to all registers - and these accesses 
should be possible concurrently. Real concurrent access requires e.g. three ports for 
each processing element on the register file (two for source operands and one for the 
destination operand) like in the IBM VLIW. This is a huge hardware investment, and 
other VLIW architecture developers tried to get along with less. 

A specifically elaborate solution to the register problem is presented in the Cydra 
architecture: Each processing elements has a set of register files and the result of an 
operation is written into the corresponding register in all register files in parallel. Thus, 
all processing elements have always access to all operands produced byal l  processing 
elements. This is again a significant hardware investment. 

However, using many ports or duplicated register files means that register files cannot 
be kept on chip - and crossing chip or even hoard boundaries increases access time and 
by that decreases performance significantly. And many ports and duplicate register 
files mean not only more hardware, but more cost and more heat. 

A solution to these problems is clustering the PEs and providing separate register files 
for each cluster like e.g. Multiflow did with their TRACE machines. The scheduler has 
then to assign operations to processing elements so that an operation using the contents 
of a register should run on a processing element assigned to the corresponding register 
file. Whenever a processing element uses an operand from a register file not assigned 
to its cluster, the register contents have to be transferred to its own register file. The 
scheduler has to create these transfer operations explicitly during or after the assign- 
ment of operations to processing elements. Whenever possible, the transfer operations 
are assigned to PEs which are idle during the cycles the transfer has to be made. How- 
ever, it will not always be possible to find idle processing elements just during these 
cycles. Then, an instruction word will have to be inserted which contains one single 
operation for transferring the contents of one register to another register - and all other 
processing elements will be idle when this instruction is processed. Of course, sched- 
uling may be restarted to avoid this, but after scheduling we have to assign operations 
to processing elements again - and the whole process will start over again. Considering 
all this, clustering processing elements and assigning register files to specific clusters 
may decrease performance in some cases and increase scheduling time significantly. 

Assigning operations to processing elements before scheduling like in the TRACE 
machines (see subsection 8.3.1) reduces these problems somewhat. However, it 
reduces also the available parallelism: two operations assigned to the same processing 
element cannot be scheduled in the same cycle, even if they are otherwise indepen- 
dent. 

In the following, a suggestion for solving this problem is described: 

�9 All register files are connected via a common bus, the XMIT bus. 

�9 Each opervtion is assigned a transfer bit. 
�9 When the result of an operation O is later needed in another register file, this trans- 

fer bit is set by the scheduler for the operation O. The scheduler knows at compile 
time in which register files the operation's result will be needed. 
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�9 On one processing element connected to the destination-register file, a Receive 
operation is performed. This might be done without using any PE; however, even if 
a PE has to be used, the Receive operation can be scheduled accordingly, as we 
assume here. 

�9 When executing a Receive operation, the destination register file uses the Xmit bus 
as input; the register number receiving the data is e.g. specified in the Receive oper- 
ation. 

�9 There is one cycle delay when there is no bypassing between different PEs from 
different clusters. 

�9 Having only one XMIT bus means that only one transfer per cycle is possible. 

4. Bypassing 

Simulations showed that a significant portion of all operand accesses is made via 
bypasses. Dispensing bypasses would decrease performance significantly. Many of the 
architectures described above have considered that, like e.g. the IBM VLIW which has 
an elaborate bypassing network. Many new ideas about methods for bypassing went 
into the design of the LIFE processor, the result of an operation flows into the "funnel 
files" of the processing units where this result will be needed later and such results 
wait in queues and will be accessed when they are needed. 

Again, such a solution will be expensive concerning hardware investment, space, and 
heat, when many processing elements are involved. The solution to this problem is 
again: clustering. The architecture provides bypasses, linking the output of one pro- 
cessing element to the inputs of all other processing elements (and itself) in the cluster. 
Accesses crossing clusters will be performed via the register file and thus need an 
additional cycle. The scheduler can consider this by separating corresponding opera- 
tions far enough, however only after processing-element assignment. 

5. Multiway Branches 

A significant characteristic of VLIW architectures is the ability to process more than 
one conditional-branch operation per cycle. In the TRACE machines, each module can 
perform one conditional branch, thus four of them can be performed by the TRACE 
28/200 in parallel. A shrewd computation model which processes a series of condi- 
tional branches during each instruction is used by the IBM VLIW. In general, however, 
such multiway branches are pretty costly; see e.g. [Fisher 80]. For the instruction- 
scheduling methods described in sections 12ff, multiway branches similar to those in 
the IBM VLIW are used. 

In our base architecture, each processing element uses two condition-code bits which 
are set by Compare operations. A Branch_pattern operation is used by the compiler 
whenever more than one conditional-branch operation has been moved into one node 
of the program graph, i.e. the successor of a very long instruction word depends on 
several conditional-branch operations. Each possible successor is specified by the cor- 
responding condition code (co) values of the comparisons. One of the successors is e.g. 
taken if: 
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the first cr states TRUE, the second one FALSE, and the third one TRUE. 

Thus, we get a specific pattern, the sequence of all condition-code registers must 
assume for each specific successor. A Branch_pattern operation contains as immediate 
value a pattern; when the operation is processed, this pattern is compared with all con- 
dition codes and the branch is taken if the sequence of condition codes corresponds to 
this pattern. For those condition codes the branch does not depend on, don't-care pat- 
terns may be used. 



6 Architectural Support for Exploitation of Fine-Grain 
Parallelism 

The architectures described in section 3 offer the capability to execute several machine 
instructions concurrently. However, how efficiently can the potential of such architec- 
tures be used by software? The performance which can be achieved depends on the 
utilization of the processing elements, the higher and the more uniformly the utiliza- 
tion of the PEs, the higher also the performance achievable. 

In VLIW systems the machine operations are reordered statically at compile time to 
find a sufficient number of independent operations which can be packed into the long 
instruction words to keep the PEs busy. Superscalar processors reorder the instructions 
inside a window dynamically at run time to find instructions to utilize the PEs. The fol- 
lowing subsection describes methods for hardware-based dynamic scheduling. How- 
ever, the number of instructions considered for reordering is quite limited and 
therefore, we have not many candidates for reordering. Applying static scheduling at 
compile time so that a superscalar processor always gets instructions in its window 
which can be processed in parallel at execution time can increase its performance sig- 
nificantly. Also processors with deep pipelines can benefit from instruction scheduling: 
reordering the instructions so that two dependent (or exception-causing) instructions 
are separated far enough so that they will not occur in the pipeline together, will reduce 
the number of pipeline stalls and thus increase performance. Sections 8ff describe 
methods for static instruction-scheduling. 

6.1 Dynamic Instruction.Scheduling 
Scheduling inslructions dynamically during execution requires a series of hardware 
features. The abstract representation of a supcrscalar processor in figure 4 has to be 
refined to show the modules necessary for scheduling instructions dynamically (com- 
pare [Johnson 91]). Figure 16 shows more details of the integer part of a superscalar 
processor architecture. A similar structure may be added for floating point. 

The requirements for a processor with hardware instruction-scheduling for parallel 
execution are different from sequential processors. These differences mainly refer to 
instruction fetch, instruction issue, exception handling and the task of detecting and 
tracking dependences. 

1. Instruction window and reservation stations: 

While figure 4 shows a central instruction window holding the instructions for all pro- 
cessing elements, in figure 16 this window is split into reservation stations, one for 
each processing element. In an architecture with a central window, the operations for 
all N processing elements, together with their (up to 2N) operands, have to be sent to 
their processing units in one cycle. The reservation stations need only to be filled at the 
average execution rate, rather than the peak execution rate for a central window. A res- 
ervation station holds decoded instructions until they are free of dependences and its 
processing element is ready to execute an instruction. However, a cenwal window can 
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choose among more instructions to issue to a processing element and thus yield higher 
performance. In [Johnson 91] several methods for implementing a central window are 
suggested, emphasizing the usage of a reorder buffer. Such a reorder buffer is content- 
addressable and needs no reordering of its contents. 
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Figure 16: Superscalar Processor Architecture, Detailed 
2. Exception handling: 
A superscalar processor may issue instructions out of order. After returning from an 
exception, the previous order of instructions has to be restored to reset the register file 
to the contents at exception time and to reprocess those instructions which were not 
completed when the exception occurred. After mispredicted branches (see below), the 
register contents have to be restored or instructions from the non-taken path of the 
branch prevented from overwriting registers. In [Johnson 91] several methods are pro- 
posed for recovering from mispredicted branches and exceptions: checkpoint repair, 
history buffer, reorder buffer, and future file. Figure 16 shows a reorder buffer which 
receives the results of the instructions from the processing elements. The register con- 
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tents with the results of instructions which completed in order, up to (but excluding) 
the first uncompleted instruction are copied from the buffer to the register file. 

3. Dependence mechanisms: 

When several instructions are processed out-of-order, it has to be checked if depen- 
dences occur and instructions whose source operands are not ready must not start; sim- 
ilarly, an instruction must not write its result to a register the previous contents of 
which are needed by another instruction. Definitions of dependences are presented in 
section 7. Hardware can handle these dependences with scoreboarding or register 
renaming. Scoreboardlng was already used in the CDC 6600. 

In one variant of seoreboarding, each register is associated with a bit indicating that the 
register has a pending update. This bit is set when an instruction is decoded which will 
write the associated register. The bit is reset when the write is completed. When an 
instruction is decoded, the scoreboard bits of its source operands are checked. If a 
scoreboard bit is set, indicating a read-after-write dependence on an uncomputed 
result, the instruction waits in the instruction window (or the reservation station) until 
the register's new contents are available. Valid values of source operands are placed 
into the instruction window where they cannot be overwritten, preventing write-after- 
write dependences. For operands with the scoreboard bit set, the corresponding regis- 
ter identifiers are placed into the instruction window. When an instruction completes, 
its destination-register identifier is compared to the identifiers in the window and, for 
matching identifiers, the result is entered. The scoreboard stalls instruction decoding if 
a decoded instruction will update a register for which this bit is already set, indicating 
a pending update; thus, write-after-write dependences are solved. 

Register renaming eliminates write-after-read and write-after-write dependences. 
When an instruction is decoded, its destination register is renamed by assigning a reor- 
der-buffer location. A tag is used to identify the instruction's result; this tag is stored in 
the reorder-buffer location. When a subsequent instruction wants to read the renamed 
register, it gets the contents of the reorder-buffer location, either the computed value or 
the tag if the value is not computed yet. If the reorder buffer has no matching entry, the 
register in  the register file is accessed. An instruction which has not all source oper- 
ands ready will not be dispatched to a processing unit. Several entries for the same reg- 
ister may occur in the reorder buffer at the same time because several instructions may 
write the same register. An instruction reading this register will get the most recent 
value. The other values are retained for exception handling. 

4. Instruction fetch: 

The flow of instructions through a processor is impeded by conditional branches. In 
general-purpose applications, branches occur pretty often, about every third to fourth 
instruction; on a typical RISC processor about 20% of a dynamic instruction sequence 
are taken branches. When several instructions are processed in parallel, the branch 
delay (the time between decoding a branch instruction and decoding the target instruc- 
tion) increases because the branch instruction itself is decoded earlier (there are several 
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instructions fetched per cycle) and the branch outcome depends on preceding inslruc- 
tions which have to be completed for determining the branch successor. 

For decreasing branch latency, branch prediction is used; this may be accomplished by 
hardware or software. A traditional method for hardware branch prediction is the 
usage of a branch-target buffer. This buffer contains for each branch instruction its pre- 
dicted outcome and the target address. After each access the branch-target buffer is 
updated. An alternative to a branch-target buffer with similar accuracy but less space 
consumption is to include branch-prediction information in the instruction cache. Each 
block in the instruction cache contains information about the next block to be fetched 
and the next instruction in this block to be executed. 

There are various branch prediction algorithms; a trade-off has to be made in order to 
decide between prediction accuracy on the one hand and overhead w.r.t, implementa- 
tion space and impact on cycle time on the other hand. Current two-bit counter algo- 
rithms used on UltraSPARC, Alpha, etc. reach about 86% prediction accuracy on 
SPECint92 benchmarks. With new branch-prediction algorithms (two levels, branch 
correlation) 96% may be reached. 

5. Instruction decode: 

The instruction-decode stage comprises many activities in a superscalar processor; 
therefore, in some cases it is separated into several stages. These activities are: 

1. Fetch the source operand values or tags from the reorder buffer, using the most 
recent entries. If there are no corresponding entries, fetch the values from the 
register file. 

2. Assign a new tag for the destination register of the instruction. 

3. Allocate a processing unit and a slot in the corresponding reservation station or 
in the instruction window. Enter the corresponding data: operation code, source 
operand values or tags, and tag of the destination operand. 

4. Allocate a slot in the reorder buffer and enter register identifier, tag, and pro- 
gram counter (for exception restart). 

6. Instruction issue: 

When a processing unit completes an instruction, its reservation station or the instruc- 
tion window is checked if there is an instruction for this processing unit with all source 
operands available. In this case, the corresponding instruction is issued to this process- 
ing unit. Similarly, when an instruction is decoded and all its source operands are 
available, it is checked if a suitable processing unit is ready and it is issued to that unit. 
Finally, when an instruction completes, it is checked if there is an instruction in the 
instruction window or any reservation station waiting for the value computed by that 
instruction. In this case, it is also checked if a corresponding processing unit is idle to 
issue that instruction. 
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7. Instruction completion: 

1. Write the result into the reorder buffer; the entry is identified by the correspond- 
ing tag. 

2. Check if there is an instruction waiting in the instruction window (resp. in any 
reservation station) for this result tag. In this case start the instruction issue pro- 
COSS. 

3. Check if there is an instruction decoded in the current cycle needing the result; 
in this case, bypass the result to this instruction. 

4. If an exception occurred, send tag, result and exception type to the reorder 
buffer. 

8. Instruction retirement: 

The retirement actions may be performed multiple times per cycle, triggered by 
instruction completion. 

1. Check the oldest entry in the reorder buffer. If it is valid (i.e. the instruction is 
completed) and no exceptions are indicated, write the value into the specified 
register; in case of a store instruction write the data to the store buffer and the 
address to the load/store reservation station. 

2. If an exception is indicated by the corresponding reorder buffer entry, save the 
PC, flush the buffer (logically) above that instruction (i.e. the instructions issued 
later) and invoke an exception handler by restarting the decoder with the excep- 
tion-handler address. 

3. In case of a mispredicted branch, flush the reorder buffer above that instruction 
(i.e. the instructions issued later) and restart the decoder with the correct 
address. (This activity will usually occur as early as possible). 

9. Loads and Stores: 

Memory accesses represent the main bottleneck in current computers. In architectures 
with multiple load/store units the memory dependences have to be checked; out-of- 
order execution may reverse the ordering of loads and stores even if there is only one 
processing unit for loads and stores. Loads are performance critical - if data do not 
arrive in order, the processor will have to wait. Thus, a load/store reservation station 
can be used combined with a store buffer, allowing load instructions to be served 
before store inslructions if there are no dependences; this is called "load bypassing". If 
a store instruction is followed by a load instruction to the same address, the value may 
be derived from the store buffer (if the store is still waiting there) without accessing the 
data cache or memory. This optimization is called "load forwarding". 

In [Johnson 91] various architectures for load and store handling are presented. The 
architecture of figure 16 is suggested there, with a combined load/store reservation sta- 
tion holding the memory addresses and a store buffer for the data to be stored. The fol- 
lowing activities can be added to the activities of the pipeline stages described above: 
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When a load or store instruction is decoded, its address register value or tag (if the 
value is not ready yet), together with the address offset are entered into the load/store 
reservation station (for other addressing modes the additional data for address deter- 
ruination are entered, too). For a store instruction, the data to be stored is placed into 
the store buffer. The loads and stores are issued in order from the load/store reserva- 
tion station to the address unit when their address-register values are valid. The 
address unit places store addresses into the store buffer and sends load addresses 
directly to the data cache, thus allowing loads to bypass stores. Before sending loads 
to the data cache, they are checked for dependences on the stores in the store buffer. 
In case of a dependence, store data are returned directly from the store buffer, thus 
realizing a load forwarding. 

The architecture described above is only one example of a superscalar architecture. 
There are many variants, e.g. branches may be processed in the instruction decoder 
like in the RS 6000 or instruction combining (pairing) is used like in the Pentium pro- 
CesSOro 



7 Constraints for Instruction Scheduling 

The main constraints for instruction scheduling are dependences; they are introduced 
in this section. 

7.1 Data Dependences 
We consider two machine operations, O 1 and 0 2  where O1 precedes 0 2  in the pro- 
gram text. Two dependent operations must not be interchanged or executed concur- 
rently because the program semantics would be altered, otherwise. 

Def. 3: True dependence 
There is a true dependence between two operations O1 and 0 2  (in short form writ- 
ten as: 02  ~i t O1) if 0 2  has a source operand which is destination operand of O1 
and which is not written between O1 and 02  in the operation sequence. This is also 
called read-after-write dependence or flow dependence. 

The instruction sequence "a = z + 5; x = x + a;" shows such a true dependence; the 
value of a has to be determined before calculating the new value of x in the second 
instruction. 

Def. 4: Anti-dependence 

There is an anti-dependence between two operations O1 and 0 2  (in short form 
written as: 0 2  5a O1) i fO2 has a destination operand which is a source operand of 
O1 and which is not used between O1 and 0 2  in the operation sequence. This is 
also called write-after-read dependence. 

The instruction sequence "x = x + a; a = z + 5;" shows such an anti-dependence; for 
calculating the new value of x the original value of a has to be used, not the one deter- 
mined in the second instruction. 

Def. 5: Outputldependence 

There is an output-dependence between two operations O1 and 0 2  (in short form 
written as: 0 2  8 ~ O1) if both operations have the same destination operand. This is 
also called write-after-write dependence. 

Data dependences are barriers for instruction reordering - the sequence of dependent 
instructions has to be maintained to preserve program semantics. There is also another 
kind of dependence, input dependence or read-after-read dependence between two 
operations reading the same source operand; this kind of dependence is not relevant 
for our further considerations because it does not prevent reordering. 

7.2 Off-live Dependence 
There is yet another kind of dependence relevant for instruction scheduling which does 
not belong to the standard types of dependences defined above. We consider a condi- 
tional branch operation cj and its successors on its TRUE- and FALSE-paths. 
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Def. 6: Off-live-dependence 

There is an off-live-dependence between a conditional jump operation cj and an 
operation O which is a successor of cj in one of its two successor paths, if O writes 
to a variable which is read by an operation in the other successor path of cj (before 
being written on that path). 

The following example shows an off-live dependence in C representation and incorrect 
reordering when that is not considered: 

a = 3 ;  a = 3 ;  
if (b m--ffi O) ~ ~ ~ ~ , . = 4 ~  a = a+l; 

( i f ( b  = o)  
a = a + l ;  { 

} } 

else else 

a = a+2; a = a+2; 

x = a ;  . . .x~ {4,51 x = a ; . . . x ~  {4,6} 

Figure 17: Off-five Dependence and Incorrect Reordering 

The variable x gets in the TRUE-successor path the value 4 and in the other (the 
FALSE) path the value 5, as shown on the left-hand side in figure 17. Now let's reorder 
the statements: consider the instruction "a = a+l". It must not be moved ahead of "a = 
3" because there is a true dependence. However, if we move it before the conditional 
jump "if (b == 0)" (and after the assignment "a = 3") then the variable x will get the 
value 6 if the FALSE-path is taken (as shown on the right-hand side in figure 17), vio- 
lating program semantics. 

For our further considerations we need the definition of basic blocks: 

Def. 7: Basic Block 

A basic block is a sequence of instructions with at most one entrance to the 
sequence (at its beginning) and at most one branch operation (at the end of the 
sequence). 

Thus, only the first instruction of a basic block may have preceding instructions out- 
side the block; it is the only instruction in the block which may have more than one 
predecessor and the only one which may have a label (which is actually used). A con- 
ditional or unconditional branch must not occur in the middle, it can only be the last 
instruction of a basic block. Call instructions may be considered as a special kind of 
branches which return to their origin. For our purposes call instructions may occur 
inside basic blocks, not only at the end of a basic block; this is made possible by inter- 
procedural program analyses, see subsection 12.2.7. 



8 Instruction-Scheduling Methods 
The methods for fine-grain parallelization are based on reordering intermediate or 
machine code so that groups of instructions areformed which can be executed in par- 
allel. 

Instruction scheduling is a well-known method to exploit processor power; it was 
already applied in the CDC 6600. It became popular again with the emergence of 
RISC architectures. In these pipelined processors, branches need mostly two cycles to 
take effect so that the pipeline has to be stopped after each branch until the new value 
of the program counter is set. The performance degradation caused by this pipeline 
stall can be avoided ff the machine operation following the branch is always executed, 
independent of the branch's condition. However, according to program semantics, the 
operation following the branch must only be executed in the fall-through ease (i.e. if 
the condition evaluates to FALSE); in the TRUE-case this operation is not intended to 
be executed. Thus, if the variable produced by this operation is used in the TRUE suc- 
cessor path, it will contain an incorrect value, le t ' s  have a look at an example: 

The instruction sequence on the left is transformed to the symbolic machine instruc- 
tions on the right: 

a =  5; a =  5; 

ff (x < O) then jump_ff_greater_O x, L1; 
{ a = a -  1; a = a -  1; 

b=4;  } b=4;  
else jump L2; 

{ a = a + l ;  LI: a = a + l ;  
b=  12; ] b =  12; 

a r { 4 , 6 }  L 2 :  . . .  ~ a r [ 4 , 5 }  

Figure 18: Branch Delay Slot 

The second instruction, "a = a - 1" in this example is executed independent of the value 
of the variable "x" because the program counter is set to its new value two cycles after 
the issue of the jump instruction - and thus, this instruction (a = a - 1) which is placed 
in the "delay slot" is executed before the target instruction of the branch. Thus, in the 
TRUE-case (x > 0) the value o f"a"  is calculated incorrectly, as 5 instead of 6. 

One method to maintain program semantics is to implement a check-and-stall algo- 
rithm in hardware; however, this is costly and may increase processor cycle time. 
According to RISC philosophy, architecture has to be developed towards decreasing 
cycle time; thus, maintaining semantic consistency is performed by software where it 
is less costly. 

Correct program semantics is guaranteed by scheduling a machine operation immedi- 
ately after the branch which will be executed in any case, e.g. one originally preceding 
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the branch operation. This may also be an operation which is executed in one path after 
the branch and does not change semantics in the other path, i.e. by writing a variable 
(as its destination opcrand) which is not used in that path afterwards, and which causes 
no exception. 

Similar to branch delay slots, as these cycles after branches are called, are load delay 
slots. After a load operation the variable fetched from memory cannot be accessed, at 
least for the succeeding cycle. For this case, instruction scheduling tries to move 
instructions using loaded data away fIom the load operations to ensure that the correct 
data are used. 

In the early RISC processors scheduling was necessary to maintain semantical correct- 
ness. However, in later versions of the processors the number of delay slots varied and 
hardware methods had to be applied to ensure binary compatibility (compare e.g. 
MIPS R4000 vs. R3000). For these architectures, scheduling is no longer necessary for 
maintaining semantical correctness, however it can improve performance. 

Several instruction-scheduling methods for filling delay slots have been developed, sec 
e.g. the basic paper on instruction scheduling for RISC processors, [Henncssy/Gross 
83]. There are also scheduling methods which were developed for specific processors, 
e.g. for the IBM RS 6000 in [Warren 90]. 

Similar scheduling methods arc used in the field of hardware synthesis. Algorithms 
used in this area are described in [Paulin/Knight 89]. In [Brctcrnitz 91] an extension of 
Ebcioglu's version of Percolation Scheduling (see below in subsection 8.4.2) is used 
for the synthesis of application-specific processors. 

The main requirement for parallel execution is data and control independence, for two 
dependent instructions have to be executed successively. All instruction-scheduling 
methods perform program analysis first to determine dependences between instruc- 
tions. Then the scheduling process is performed in particular regions; the size of these 
regions determines the number of candidates available for reordering. This size is an 
important factor for the performance achievable by scheduling. 

Basic blocks arc very convenient units for scheduling because inside a basic block 
only data dependences have to be considered, no off-live dependences. Otherwise, 
moving an instruction from one successor path of a branch instruction before the 
branch (which means also to another basic block) may change a variable read in the 
other path of the branch instruction and thus alter program semantics, i.e. we have to 
consider off-live dependences. These off-live dependences can be identified by data- 
flow analysis. Thus, for reordering instructions globally, i.e. beyond basic-block 
boundaries, data-flow analysis is necessary which can be quite time consuming. There- 
fore, many reordering methods use local scheduling inside basic blocks only, although 
global scheduling has a higher parallelization potential by considering more instruc- 
tions for reordering. 
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8.1 Local Instruction-Scheduling 

Methods for local inslrnction-scheduling have already been developed for early IBM 
mainframes. Optimal scheduling is NP-hard (see [Hennessy/Gross 83]); optimal algo- 
rithms can therefore not be used in practice, except for quite small basic blocks. A 
series of near-optimal algorithms have been developed; these can be divided into two  

classes, one using List Scheduling and the other using selection heuristics. 

The basic conditions to be considered for scheduling are data dependences. For local 
scheduling these are represented in a data-dependence graph, a directed acyclic graph 
(DAG) (see [AhoSethiUllman 88]). For each basic block one DAG of data depen- 
dences is constructed where the nodes represent instructions, and with an edge from 
node N1 to N2 if the instruction represented by N2 is dependent on N1. The nodes and 
edges of the DAG may be attributed with execution times of instructions and other 
information. 

List Scheduling computes in a first pass priorities for each instruction in the DAG, thus 
linearizing it and sorting it according to these priorities. In a second pass, instructions 
are selected considering dependences and execution times. The selection algorithms 
use one pass only to select the next instruction to be scheduled; several selection crite- 
ria with different priorities may be used. 

A series of local scheduling algorithms was developed by D. Bernstein, e.g. in [Bern- 
stein 88]; they all are based on List Scheduling and use different methods to determine 
the priorities of the instructions in a DAG. The basic algorithm using such selection 
criteria was defined by Gibbons and Muchnick in [Gibbons/Muchnick 86]. A variant 
of this algorithm was developed for the IBM RS6000 architecture [Warren 90]. An 
overview of these methods can be found in [Krishnamurthy 90]. 

Local scheduling methods are compared and assessed in [Schepers 92]. More perfor- 
mance than with standard instruction=scheduling methods will be gained if also pipe- 
line stalls, e.g. due to resource usage, are considered for scheduling. In [Schepers 92a] 
a nearly optimal method is presented which considers a variety of processor character- 
istics. 

In current developments the focus is on algorithms which consider caches and TLBs 
(Translation Lookaside Buffers) in order to decrease the number of (primary and sec- 
ondary) cache misses, TLB misses, and disk accesses. The reason for this emphasis on 
cache behaviour is that in current processors memory access is mostly the main bottle- 
neck for system performance. Additionally, the differences of the access times to pri- 
mary caches, secondary caches, and memory are very high, so that these algorithms try 
to get primary cache hits for as many accesses as possible. 

8.2 Global Instruction-Scheduling 
Scheduling globally, i.e. beyond basic block boundaries, offers far more instructions as 
candidates for scheduling; these are e.g. all instructions in a loop body or even more if 
loop unrolling or scheduling between functions is performed. 
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Since 1981 several global scheduling methods have been published, mostly for hori- 
zontal microcode compaction. The following papers present such methods: 

[Alken 88], [Aiken/Nicolau 88a], [Banger et al 89], [Bernstein/Rodeh 91], [BOckle 
92], [Chang/Lavery/Hwu 91], [Danelutto/Vanneschi 90], [Ebcioglu 90], [Ebcioglu/ 
Nicolau 89], [Fernandes et al 92], [Fisher 81], [Fisher et al 84], [Franklin/Sohi], 
[Grishman/Bogong 83], [Hahne et al 89], [Hendren/Nicolau 89], [KarlW 93], [Keck- 
ler/Dally 92], [Lah/Alkins 83], [I.am 90], [Linn 83], [Melvin/Patt 91], [Nakatani/ 
Ebcioglu 90], [Nakatani/Ebcioglu 90a], [Nicolau 84], [Nicolau 85], [Nicolau/Fisher 
81], [Nicolau/Fisher 84], [Nicolau/Potasman 90], [Nicolau/Pingali/Aiken 88], [Paulin/ 
Knight 89], [Schubert 90], [Su/Ding/Jin 84], [Su/Ding 85], [Wall 86], [Werner 91]. 

Two classes of global scheduling methods can be distinguished. Algorithms of the first 
class partition a program's flow graph into regions of traces or trees and apply a local 
scheduling method like List Scheduling to these regions. At the boundaries between 
the regions the program semantics may be altered by these methods, thus it must be 
reconstructed by (usually quite costly) bookkeeping methods (see 8.3.1). The second 
class comprises methods which apply scheduling to the "program graph" where the 
nodes contain independent operations which can be executed in parallel and are attrib- 
uted with dependence information. Semantics-preserving transformations for reorder- 
ing are provided and reordering is separated from strategies controlling reordering so 
that no bookkeeping is necessary. 

A scheduling method which can be used for speculative-execution architectures (see 
subsection 3.4.1) is presented in [Hsu/Davidson 86]. Instructions which must not be 
moved across some branches, e.g. particular stores, are transformed to guarded 
instructions, characterized by a boolean value specifying the condition for such a 
move. This decision tree scheduling reorders a complex of basic blocks, making effi- 
cient use of these guarded instructions. 

8.3 Global Scheduling Methods Based on Local Scheduling 

8.3.1 Trace S c h e d u l i n g  

The most important method of this class is Trace Scheduling. It was developed by 
J. Fisher (see [Ellis85], [Fisher 81], [Fisher et al 84]). Originally, it was employed for 
horizontal microcode compaction. Later, this method was also used on the instruction- 
set level for exploitation of fine-grain parallelism. Fisher described such architectures 
in [Fisher 83], [Fisher 84], [Fisher 87] and [Fisber/O'Donnell 84]. At Yale university, 
the ELI project provided the base for the TRACE-family of VLIW machines which 
offered quite high performance for numeric applications (see subsection 4.1). The 
results of the ELI project are described in [Ellis85]. 

During this project the BULLDOG compiler was developed which was the base for 
the TRACE compilers (see [Ellis 85] and figure 19). This compiler performs many 
standard optimizations as well as memory-reference disambiguation and Trace Sched- 
uling. Memory-reference disambiguation helps to parallelize memory accesses. At 
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compile time the address in memory which will be accessed by a load or store state- 
ment is often not known. In these cases, a store operation must not be exchanged or 
being processed in parallel with another memory access because it may refer to the 
same address. Memory-reference disambiguation finds out whether two memory 
accesses may refer to the same address. Memory-bank disambiguation is used to deter- 
mine if two memory accesses refer to two distinct memory banks and can thus be exe- 
cuted in parallel (if hardware offers two distinct paths to these two memory banks). 

~ source code 

I ~176 I 
~ intermediate code 

I F low Analysis]  
and Optimization l 

optimized intermediate code 

Memory-Bank 
Disambiguation I 

Generator l---.yes, no, [ Disambignator 
maybe 

Scheduler I ~.. . r  I 
I ~achine code I 

~ , object code 

Figure 19: Bulldog Compiler Structure 

After disambiguafion, the compiler selects the regions to be considered for paralleliza- 
tion. In local scheduling methods these regions are basic blocks. Fisher's basic idea for 
global scheduling was: 

�9 Consider large portions of code for paraUelization, more than just basic blocks. 

�9 Make those parts of a program faster which are executed frequently (this is also the 
basic idea of RISC). 

�9 Assign weights to the operations according to their execution frequencies. 

�9 Construct traces in the program by starting with a frequent operation and add its 
predecessors and successors, taking at each conditional branch the most probable 
SUCCessor. 

�9 Consider each trace as a sequential block and reorder operations w.r.t, dependences 
inside the trace so that as many operations as possible can be processed in parallel. 

�9 Compact operations which can be executed in parallel to very long instruction 
words. 
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The Bulldog compiler implements these ideas. The intermediate code of the program 
to be compiled is conveyed to the Trace-Scheduling part of the compiler as a flow 
graph for each function (see [Aho/Sethi/Ullman 88]). First, each operation and each 
edge in this flow graph is assigned a weight, according to the estimated number of 
times it will be executed at run time. The weights are computed according to the fol- 
lowing algorithm: 

g(S) -- 1 for the first node S of the flow graph 

g(O) = ~ g(e) for an operation O and the set in(O) of  incom- 
e e in(O) ing edges e joining in O 

g(H) = Iterations(H) * ~ g(e) for a loop header H with Iterations(H) = 

e ~ in(H) number of (estimated) loop iterations 

g(e) = g(O) * prob(e) for an exit edge e of operation O, taken with 
probability prob(e). 

Algorithm 1: Trace Scheduling: Execution Weights 

If no directives are given by the programmer or no other heuristics for determining 
weights are available, the probability for each successor of a conditional branch opera- 
don is assumed as a default value of 50%. For loops, the number of iterations is used to 
determine the weight; where no loop boundary is known, a fixed number, e.g. 100 loop 
repetitions are assumed. 

After weight determination, trace selection is performed. The node with the highest 
weight in the flow graph is selected first. List Scheduling is used to build the trace (see 
e.g. [Ellis 85]). The lrace is enlarged by adding nodes forward and backward. It is 
enlarged forward by taking the trace's last node and adding the successor with the 
highest weight. The forward enlargement ends if no such successor can be found or if 
the successor belongs to another trace or if the edge to the successor is the back-edge 
of a loop. Similarly, the trace is enlarged backward. The trace will not contain a loop 
back-edge so that all operations inside a trace belong to at most one loop iteration; 
allowing several iterations inside a trace would complicate the scheduler significantly. 

In contrast to local scheduling methods, scheduling traces can change program seman- 
tics as shown in figure 20. 

Let the instruction sequence on the left in figure 20 be transformed to the sequence on 
the right side; the trace was chosen e.g. on the TRUE-path of the conditional jump "if 
(e) then" and the statement "i:= n+l"  was moved behind the jump. This move is possi- 
ble in Trace Scheduling, however, it changes program semantics: In the FALSE-path 
of the conditional jump the value of i is not n+l as it should be, because the statement 
"i :-- n+l"  is now only executed in the TRUE-path. Thus, we have to restore correct 
program semantics; this can e.g. be performed by adding a statement "i:=n+l" in the 
FALSE-path of the conditional jump, just before the statement "k:= i+5". Adding this 
statement to restore program semantics is called bookkeeping. The compiler's book- 
keeping phase can be quite cosily - all possible changes of program semantics due to 
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scheduling have to be detected and repaired - and it is thus the major drawback of 
Trace Scheduling. The insertion of this correction code may increase code size sub- 
stantially and even cause code explosion. Several methods to limit code increase are 
discussed in [Ellis 85]. 

i :ffi n+l; 
if (e) then 

{ 
k := i+4; 

} 
else 

k:ffi i+5" 

if (e) then 
{ 

i := n+l,  
k := i+4; 

} 
else 

k:= i+5; 

Figure 20: Bookkeeping 

The traces are in turn conveyed to the code generator where the statements are com- 
pacted to very long instruction words. 

The Bulldog team from Yale university founded Multiflow Corp. and created TRACE, 
a family with two series of VLIW machines comprising three machines each, with 7, 
14, and 28 operations per instruction. These machines had a very good price/perfor- 
mance ratio and remarkable performance for scientific code. These machines are 
described in [Colwell et al 88] and in [Clancy et al 87]. The architectures and methods 
are described in [Fisher 81], [Fisher 83] [Fisher 84], [Fisher 87], [Fisher/O'Donnell 
84], and [Fisher et al 84]. Methods for Trace Scheduling and correcmess proofs can be 
found in [Nicolau 84]. The research in [Nicolau/Fisher 84] showed that there is suffi- 
cient inherent parallelism in programs to justify the development of VL1W machines. 

8.3.2 Other  Global  Schedul ing Methods  
The code size increase and danger of code explosion in Trace Scheduling was a major 
motive for developing other global scheduling methods. 

The ITSC (Improved Trace Scheduling) method ([Su/DingfJin 84]) reduces the 
amount of code-size increase due to bookkeeping by separating a trace's operations 
into two sets with different scheduling priorities, starting with operations on the criti- 
cal path and the operations dependent on those. 

The tree-method ([Lah/Atkins 83]) reduces the amount of code increase in Trace 
Scheduling by separating a program's flow graph into "top trees" which contain 
mainly nodes which are not join or leaf nodes, and in "bottom Irees" which contain 
mainly nodes which are not start nodes or fork nodes. First top trees are scheduled, 
then bottom trees. 
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The SRDAG method ([-Linn 83]) allows for more parallelization potential. Single- 
rooted directed acyclic graphs (SRDAGs) are considered for scheduling, not just 
sequential traces. However, bookkeeping is more complex than in Trace Scheduling. 

8.4 Global Scheduling on the Program Graph 
Other kinds of global scheduling methods were developed to overcome the major 
drawback of Trace Scheduling: the costly bookkeeping. During the Bulldog project at 
Yale University A. Nicolau developed Percolation Scheduling [Nicolau 85], a method 
performing instruction scheduling on the program graph, a generalized flow graph. 
This graph is defined as: 

Def. 8: Program Graph and Conditional Tree 
The program graph is a directed graph PG = (~, ]~, ~ with a set 1~ of nodes, a set 
1~ of edges, and a set of conditional trees ~1". A node N ~ 1~ contains a set of sym- 
bolic operations which can be executed in parallel (i.e. which are independent). 
There is an edge from a node N to a node N' if the operations in N are executed 
before those in N', i.e. the edges represent the control flow of the program. 

The conditional tree in a node N of PG is a tree CT = (Nc, Ec, {T,F}) with a set Nc 
of nodes which represent the conditional jumps in N. The edges are labeled with T 
or F, representing the TRUE or FALSE successor of a conditional jump. There is a 
T-edge from a node cj 1 ~ Nc to a node c j2 ~ Nc if cj2 is executed after cj 1 and if 
the condition in cjl evaluates to TRUE and there is a F-edge from a node cjl r Nc 
to a node cj2 ~ Nc if cj2 is executed after cjl and if the condition in cjl evaluates 
to FALSE. 

The expression independent in def. 8 refers to particular dependences, relative to the 
architecture of the machine used. In an architecture with pipelined processing elements 
we have operations writing their destination operands in the same clock cycle as others 
read their source operands. If inside this clock cycle writing is always performed 
before reading and if exception processing guarantees a proper restart, operations read- 
ing a register r and operations writing the same register r may be placed in the same 
program-graph node. The conditional tree represents the flow dependences inside a 
program-graph node. In conditional-execution architectures (see subsection 3.4.1) the 
edges are attributed with the non-branch operations performed on the paths emanating 
from a conditional jump. 

Each operation inside a program-graph node is executed by a specific processing ele- 
ment. Thus, on a machine with n processing elements, only program-graph nodes with 
up to n operations are executable. The number of operations in a node specifies the 
degree of parallelism represented by the node. Thus, the higher the number of opera- 
tions in a node, the higher the performance of the program represented by the program 
graph. 
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if (a > 3) then cl 
{xl = yl + 5; 

if (b > 4) then c2 ~ 
{ x2 = y2 + 1; ~ if (a > 3) then 

. . . . .  j _ 
else / xl -- yl +-5", x4--- y3 + 5; 

{ x3 = y2 - 1; 
r'~. ~ / if(b> ) ~ e n  if (c~,~>) then N~ 
. . . . . . . .  j / 

else } / x2=y +~1; x 3 = ~ , - 1 ;  xS=y4~+l ;  x6=N~y '1; ) 

{x4 = y3 + 5;  ,o.4,oo. r \ L /  
{ x5 = y4 + 1; ~ \ 

, . 3 :  . . . . .  j \ 

else ~ ~ ~1 
{ x6=y4- 1; ~ 
L4: ..... } LI: L2: L3: L4: 

} 

Figure 21: Program-Graph Node and Conditional Tree 

Figure 21 shows a a program section which can be represented inside one program- 
graph node. We assume that the statements at labels L1, L2, L3, and LA reside in suc- 
cessor nodes. For standard architectures, the operations in the program-graph node are 
not slructured, they all are processed in the same clock cycle. However, the successor 
node depends on the evaluation of the comparison c 1 ("a > 3"), c2 ("b > 4"), and c3 
("c > 4") inside the node. 

We continue processing at label 

�9 LI if(el =TRUE)and(c2=TRUE) 

�9 L2 if (c I = TRUE) and (c2 = FALSE) 

�9 L3 if(el = FALSE) and (c3 = TRUE) 

�9 L4 if(el = FALSE) and (c3 = FALSE). 

Branching to LI and L2 is independent of c3 and branching to L3 and L4 is indepen- 
dent of c2. 

In conditional-execution architectures such operations can be placed inside one 
node even if they are dependent. Let's assume that the operation before label L2 is 
"x2 = y2 - 1" instead of "x3 = y2 - I". This operation is processed concurrently to the 
operation "x2 = y2 + I", writing to the same destination. In the original program, both 
statements will not be executed in parallel because they are on different paths in the 
program flow. In conditional-execution architectures, both operations are processed 
in parallel, however, only the one on the actually taken path may write its results to 
the destination registers, i.e. the operation determined by the value of condition c2 
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(for el = TRUE). Such an architecture allows for far more parallelism than standard 
"absolute"-execution architectures. For these architectures the edges of the conditional 
trees are labeled by the non-branch operations while for standard architectures the con- 
ditional trees are determined by the branch operations only and are just used to deter- 
mine the successor node. 

Some more technical expressions used in this context are (according to [Aho/Sethi/ 
Ullman 88]: 

Def. 9: Start Node, Top Node, Leaves, Heads and Tails of Edges: 
Each program graph has exactly one start node (or top node) which has no incom- 
ing edges, i.e. the operations in this node will be processed first. 

Nodes without outgoing edges are called leaves. 

If a --> b is an edge, b is the head and a is the tail of this edge. 

In FORTRAN programs, "ENTRY" statements may cause the creation of several top 
nodes per program graph. We can derive a single-rooted program graph by inserting a 
dummy node as common predecessor of all ENTRY nodes. 

The program-graph nodes may be annotated by several attributes like the set of vari- 
ables read and written by operations in the node or information about liveness of vari- 
ables. 

8.4.1 Percolat ion Schedu l ing  

The basic idea of Percolation Scheduling is to increase parallelism and performance by 
moving operations "up in the program graph", i.e. from a node to preceding nodes; 
thus, nodes towards the bottom of the graph are emptied and can be deleted. Opera- 
tions are moved upwards in the graph so that they are processed as early as possible. 

The method is structured in several layers; the bottom layer offers basic core transfor- 
mations which move an operation to the preceding node(s), unify operations, and 
delete nodes. The upper layers are described quite abstractly in [Nicolau 85] - they per- 
form instruction reordering to paraUelize loops and select the nodes the core transfor- 
mations are applied to. More specific and detailed new definitions of the actions being 
performed in two levels above the core-transformation layer and extensions of the core 
transformations are presented in subsection 12.3.3 - 12.3.6. 

The upper layers as described in [Nicolau 85] are: 

Layer 1, the Support Layer, contains analysis methods like e.g. memory disambigua- 
tion and standard optimizations like e.g. dead-code removal. 

Layer 2, the Guidance Layer, contains rules directing the applications of the core 
transformations. In [Nicolau 85] this is characterized as the major difference to Trace 
Scheduling where we have just a single rule (for trace picking) and which is insepara- 
ble from the actual transformation mechanism (whereas in Percolation Scheduling the 
latter is comprised in the lowest level). 
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Layer 3, the Enabling Layer, consists of transformations that allow the core transfor- 
mations to process arbitrary graphs and enables them to exploit coarser-grained paral- 
lelism, e.g. within nested loops. 

Layer 4, the Meta Layer, consists of transformations that use the core transformations 
to exploit coarser parallelism, e.g. partial loop/module overlapping. 

Layer 5, the Mapping Layer, takes the partial schedule created by the other levels and 
fits it to the given architecture (e.g. register and memory bank allocation, resource 
management, etc.). 

The following subsections describe the core transformations. Enhancements to these 
transformations are described in subsection 12.3.3. 

8.4.1.1 Move_op 

The move_op core-transformation is used to move an operation, which is no condi- 
tional jump, from a node in the program graph to a preceding node. Figure 22 and 
algorithm 2 show how an operation op'i is moved from a node N to a preceding node 
M. 

t ~ o p  m t t N2 oPl ..... 

M 

' '. ' , o - ' -  ' o ' : "  . . . . . .  �9 P I , ' " , ~  i . . . . .  P n . *  

N "N'  " - .  

Figure 22: Move_op Core Transformation 

Move_op Core Transformation: 

�9 Is there any true or anti-dependence between op' i and any operation oPk in M? 

yes: �9 no move possible; exit. 

no: �9 Does op' i write to a variable which is live in N3 (or in the subgraph headed by 
N3)? 

yes" ~ No move possible (off-live dependence); exit. 
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no: �9 Insert op'i in M and adjust all corresponding attributes in M. 

�9 Has N any other predecessor besides M (like N2)? 

yes: -Make a copy N' of node N, including all attributes and edges. 

�9 Relink all edges from node(s) N2 to N' instead of N. 

�9 Delete operation op' i from node N. 

�9 Recompute data-dependence and liveness information for all nodes 
where changes occurred. 

Algorithm 2: Move_op Core Transformation 

8.4.1.2 Move_cj 

Conditional jumps have to be treated separately from other operations because they 
change control flow and have more than one successor. There is a special core transfor- 
mation for conditional jumps, "move_cj", shown in figure 23. 

M 

N 

( 
S1 $2 S 3 $4 

move_cj 
N. 

( 
S1 

t 

( ) 
TR M UE 

$2 $4 S 3 $4 

Figure 23: Move_cj Core Transformation 

We want to move a conditional jump cj from a node N to a preceding node M. In figure 
23 we see the conditional tree in node N with the square nodes representing condi- 
tional-jump operations. For standard (i.e. absolute-execution) architectures the other 
operations in node N are all completely executed. In conditional-execution architec- 
tures (see subsection 3.4.1) these operations are attributed to the edges in the condi- 
tional tree; they all start execution but only those on an edge for which the conditions 
evaluate to TRUE may write their results back. 

For each conditional jump we have a left ("FALSE") subtree Tf, containing all succes- 
sors on the FALSE-edge. Similarly, there is a right ("TRUE") subtree T t. If we want to 
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move cj to M then we only have to check read_after_write dependences because a con- 
ditional jump does not write any variable (which may be read as operand by another 
operation and had to be considered here). The operations in successors of cj which are 
now inside N, i.e. its subtrees in N, will reside after the move in different nodes. 

A simplified version of the algorithm for move-cj is shown below in algorithm 3. 

Move-cj Core Transformation: 

�9 Does cj read a variable which is written by any operation in M? 

yes: �9 no move possible; exit. 

no: �9 Build a copy Nf of N and delete cj and its "TRUE" subtree T t in Nf. 

�9 Build a copy N t of N and delete cj and its "FALSE" subtree "If in N t. 

�9 Insert cj in M at the bottom of M's conditional tree, where the successor link 
to N was before. 

�9 Has N another predecessor besides M? 

yes: �9 Create a copy of N and link all predecessors except M to that. 

�9 Delete the edge from M to N and delete N. 

�9 Insert an edge from cj in M to Nf (the "FALSE"-edge). 

�9 Insert an edge from cj in M to N t (the "TRUE'-edge). 

�9 Update all dependence and liveness information in nodes where changes 
occurred. 

Algorithm 3: Move..cj Core Transformation 

With the application of move_cj we get program-graph nodes with several conditional 
jumps per node, i.e. we now have nodes with more than two successors. This imposes 
constraints on the architecture: it must be able to process several conditional jumps 
concurrently and decide about the control flow (i.e. the next program-counter value) 
depending on more than one condition. 

8.4.1.3 Unify 

This core transformation unifies copies of operations in neighbour nodes and moves 
the unified operation to a common prodecessor. Application of  move_op and move_cj 
may create many copies of operations for particular application programs. These cop- 
ies do not increase program run time, however they increase code size and thus the 
instruction cache miss rate which in turn may decrease program run time. 
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N2 N3 N1 

Figure 24: 
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Unify Core Transformation 

Unify Core Transformation: 

We have a node N1 containing an operation OPm and a predecessor M of N1. 

�9 Are there any true or anti-dependences between OPm and any operation in M? 

yes: �9 No unify possible; exit. 

�9 Does OPm write a variable live in another successor of M, and is this liveness not 
caused by a copy of OPm? 

yes: �9 No unify possible; exit. 

�9 Are there any copies of OPm in other successors Ni of  M? 

yes: �9 For each of these Ni with another predecessor besides M: 

�9 Make a copy Ni '  of Ni. 

�9 Relink the edges from these predecessors to Ni so that they point to Ni'  
n o w .  

�9 Insert OPm in M. 

�9 Delete oPm in all Ni 

�9 Update liveness information in all nodes changed. 

Algorithm 4: Unify Core Transformation 

8.4.1.4 Delete 

The main purpose of all core transformations is to gain performance by filling the 
upper nodes in the program graph and deleting lower and intermediate nodes. Deleting 
a node means saving at least one clock cycle in program run time (and accordingly 
more if the node is in a loop). 
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N2 

Figure 25: Delete Core-Transformation 

Delete Core Transformation: 

We want to delete a node N in the program graph. 

�9 Does N contain any operation? 

yes: �9 No delete transformation possible; exit. 

no: �9 Relink all predecessors of N to the successors of N. 

�9 Delete N and the edges to N. 

Algorithm 5: Delete Core Transformation 

8.4.2 Extens ions  to Percolation Schedul ing  

Several high-level transformations for Percolation Scheduling are presented in [Aiken 
88]. There, A. Aiken shows that Trace Scheduling can be expressed using only the Per- 
colation Scheduling Core transformations. Thus, he gets a simpler and more compre- 
hensive algorithm than the original (described e.g. in [Fisher 81] and [Ellis 85]). He 
used this description to derive Compact_global, a generalization of Trace Scheduling. 
Several scheduling algorithms based on the core transformations are described in 
[Aiken/Nicolau 88a]. 

Aiken defines the migrate core transformation and shows that it is the best strategy for 
moving a single statement (under certain conditions). Migrate moves an operation as 
far in the program graph as dependences allow and tries to unify as many copies of this 
operation as possible. Restrictions by busy resources are not considered on the path by 
migrate except in the destination node; thus, blocking an operation unnecessarily due 
to exhausted resources in an intermediate state can be avoided. 

The migrate transformation was used to define Compact global, a generalization of 
Trace Scheduling. Compact_global selects traces and moves operations in the program 
graph together with their copies as highly up as possible, including moves between dif- 
ferent traces. Aiken shows in [Aiken 88] that a program graph transformed by Trace 
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Scheduling along a particular trace has no higher degree of parallelism than the same 
program graph using Compact_Global on the same trace. However, for general cases, 
i.e. not restricted to a particular trace, this is not valid because the program graphs con- 
structed this way are not comparable in general. 

In [Ebcioglu/Nicolau 89] an interesting version of Percolation Scheduling is presented. 
It is based on the IBM VLIW architecture (see subsection 4.2) using a speculative-exe- 
cution model. This scheduling method can be used for other execution models as well. 
It is the only version of Percolation Scheduling where resource management is inte- 
grated in the scheduling algorithms. Resource management controls the usage of 
machine resources so that each operation finds sufficient resources available like pro- 
cessing elements, busses, registers, etc. Methods and algorithms for resource manage- 
ment are presented in section 13. 

In Ebcioglu's version of Percolation Scheduling, for each node N in the program graph 
the set of all operations in successor nodes which can he transferred into N without 
violating dependences is determined as the set unifiable_ops(N). The program graph is 
then traversed top-down (breadth-first), choosing for each node N the operations 
which will be moved there, out of the set unifiable_ops(N). Criteria for choosing the 
operations are priorities determined by the execution probabilities or the number of 
dependent operations. N is filled until the first resource is exhausted. This method is 
very thorough, and the compacted programs will presumably be near optimum. How- 
ever, determining the sets unifiable_ops for each node N and updating them after each 
move is very costly and thus, even in the IBM VLIW scheduler it has not been imple- 
mented. The methods actually implemented in IBM's VLIW scheduler are described 
in [Nakatani/Ebcioglu 90] where a window (defining a specific number of operations) 
is used inside which the application of the Percolation Scheduling core transformations 
is performed. 

8.5 Loop Parallelization 
In many programs, mainly scientific applications, a significant portion of the execution 
time is spent in loops. Therefore, optimizing these loops means optimizing a signifi- 
cant part of the program's execution time. Vector processors use this fact to achieve 
their performance advantage over sequential machines for programs spending signifi- 
cant time in (parallelizable) loops. The main idea of loop parallelization is: we can pro- 
cess loops fast if we execute several iterations in parallel. This works fine for loops 
where we can predict the number of iterations but has some drawbacks for statically 
unpredictable loops where the number of iterations is unknown and where the program 
may jump out of the loop, perhaps at several places. 

Loops can be parallelized on the source-code level or on the machine (resp. intermedi- 
ate) code level. The former is often characterized as medium-grain parallelism. 

For optimizing loops there are also a series of standard compiler techniques, e.g. loop 
fusion, strip mining, loop interchanging, loop unrolling (see [Aho/Sethi/Ullman 88]). 
The latter is also an important technique for loop parallelization. 
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8.5.1 L o o p  U n r o l l i n g  

The central idea of loop unrolling is to execute several iterations of a loop concur- 
renfly; figure 26 shows a loop unrolled N times, so that each iteration can be executed 
on a separate processor. 

F c ~ i =  I ..... N 

Loop Body 

. ~ 1 7 6  

i l l  

Loop Body 

. . . ~  

i = 2  

Loop Body 

~ 1 7 6 1 7 6 1 7 6  

i = N  

Loop Body 

�9 �9 �9 . ~ 1 7 6 1 7 6  

Figure 26: Loop Unrolling 

However, this is only possible if there are no data dependences; in the example shown 
in figure 26 we can execute the first iteration on the first processor, the second iteration 
on the second processor, and so on - all in parallel (if they are independent). However, 
for loops there is yet another dependence which has not been mentioned yet. This is 
shown in the following example: 

a[0] = c; 

F o r i =  1 ..... N 

a[i] = a[i-1] + 2; 

In the first iteration the value of a[l] is determined, in the second iteration the value of 
a[2], and so on. For the determination of a[l] we use the value of a[0], for the determi- 
nation of a[2] we use the value ofa[l] ,  and so on. This means that we cannot start with 
the determination of a[2] before a[l] has been computed, and generally, we cannot 
start with the i-th iteration before the (i-1)st iteration is finished. And this actually 
means that we cannot parallelize the loop at all. 

Dependences like this one, where the value causing the dependence is "carried" from 
one iteration of the loop to the next iteration are called loop-carried dependences. For 
a more formal definition see [Zima/Chapman 91]. 

We get an unrolling factor of k if k copies of the loop body exist after unrolling (k _< N, 
N being the number of iterations). However, we still cannot use the full potential of 
parallelism offered by unrolling: each of the unrolled loop bodies uses the same regis- 
ters and variables, thus we have dependences between the registers used (not only the 
loop-carried dependences). Here, register renaming will help to exploit the inherent 
parallelism (for a more detailed description a.ad the corresponding algorithms see sub- 
section 12.2.3). Loop unrolling with register renaming is shown in the following 
example: 
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for (i = 1; i < 20; i++) 

{ 

b = a[i] 

a[i] = a[20 - i]; 

a [ 2 0  - i] = b; 
} 

a )  �84 
b )  

SO: 

- ~  S l :  

$2:  

$3:  

$4: 

S5: 

$6: 

i = l ;  

cc = (i ___ 20); 

j u m p  i f  (co) ... 

b = a[i]; 

a[i] = a[20 - i]; 

a[20 - i] -- b; 

i = i + l ;  

I 

SO: i =  1; 

S l :  cc = (i_> 20); 

S2: j u m p  if  (cc) ... 

S3: b = a [ i ] ;  

S4: a[i] = a[20 - i]; 

$ 5 : a [ 2 0  - i] = b; 

$6: i = i +  1; 

$7: cc = (i > 20); 

$8: j u m p  if  (cc) . . . .  

$9: b = a[i]; 

SIO: a[i] = a[20 - t]; 

S l l :  a[20 - i] = b; 

S12: i = i +  1; 

S13: cc = (i _> 20); 

S14: j u m p  if  (cc) . . . .  

S15: b = a[i]; 

$16:  a[i] = a[20 - i]; 

S 1 7 : a [ 2 0  - / ]  = b; 

S18: i = i +  1; 

I 
e) 

SO: i =  1; 

SI :  cc = (i_> 20); 

S2: j u m p  i f  (cc) ... 

$3: b = a [ i ] ;  

$4: a[i] = a[20 - i]; 

$ 5 : a [ 2 0  - i] = b; 

$6: i ' = i + l ;  

$7: cc = (i '  >_ 20); 

$8: j u m p  i f  (cc) . . . .  

$9: b = a [ i ' ] ;  

$10: a[ i ' ]  = a[20 - i ' ] ;  

$ 1 1 : a [ 2 0  - i ' ]  = b ;  

$12: i"  = i '  + 1; 

S13: cc = (i" > 20); 

S14: j u m p  i f  (cc) . . . .  

S 1 5 :  b = a[ i"] ;  
I 

!S16: a[ i"]  = a[20 - i"]; 

S 1 7 : a [ 2 0  - i"]  = b; 

S18: i = i" + 1; 

I 
a) 

Figure 27: Loop Unrolling with Register Renaming 
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The small program in part a) of figure 27 mirrors (swaps) the contents of an array of 
dimension 20 in a loop. Part b) of figure 27 shows the program-graph representation of 
the loop; for simplicity, a kind of high-level language representation is used. Part c) 
shows the loop unrolled two times, so that we have three copies of the loop body now. 
However, just unrolling will not help that much for parallelization - Statement $6 in c) 
writes to the variable i and the first statement of the next loop body reads i again - thus 
we have a dependence prohibiting parallelization. This problem can be solved by 
renaming the iteration count; in part d), the destination variable i in statement $6 has 
been replaced by i', similarly the variable i in statements $7 to S 12 has been replaced 
by i'. Thus, the copied loop body with statements $7 to S12 has only very few depen- 
dences left on the first loop body with statements S 1 to $6. However, after the loop exit 
in statement $8 we may need the iteration count variable i again; in this case, we have 
to insert a new statement (i = i'). The third box with the loop body in figure 27 c) is 
transformed similarly - all occurrences of the variable i are transformed to i", and in 
statement S 12, the destination variable is transformed to i". In the last statement of the 
unrolled loop (S 18 in figure 27), the destination variable i is not replaced. 

After mapping the statements in figure 27 to (real) intermediate-code statements there 
will be more candidates for renaming, e.g. the registers needed for determining the 
actual addresses for the array accesses. 

8.5.2 Software Pipelining 
An effective way for paraUelizing loops on fine and medium-grain parallel machines is 
Software Pipelining (see e.g. [Bodin/Charot 90], [Dehnert 88], [Hsu/Bratt 88], [Lam 
88], [Lam 90], [Liebl 92], [Mtiller 91]). Software Pipelining reduces the number of 
statements inside a loop by moving as many statements as possible out of the loop into 
a loop prolog and a loop epilog. The objective of Software Pipelining is to minimize 
the interval at which iterations axe initiated; this iteration interval determines the loop's 
throughput. Software Pipelining is shown in the following example: 

1L: Read 

2 Add 

3 Write 

4 Increment 

1 Read 

2 Add Read 

3 Write Add Read 

4 L: Increment Write Add Read 

! Increment Write Add 

Increment Write 

Increment 

(5 CBranch L 

a) b) 

Figure 28: Software Pipelining 

cB__  
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Part a) of figure 28 shows the body of a loop; the value of an array element is read 
from memory, a constant is added, the result is written back to memory, and the itera- 
tion variable is incremented; in the loop, all array elements are increased by this con- 
slant. Part b) of figure 28 shows the loop after application of Software Pipelining. The 
loop is unrolled and written in the column near the previous loop body in a pipelined 
fashion, considering dependences so, that no data dependent (loop-independent or 
loop-carried) operations occur in the same horizontal line. The original loop body in a) 
comprises 5 statements; all 5 occur in line 4 of part b), albeit of different iterations. In 
an architecture with 5 processing elements we can process the loop with one cycle per 
loop, as shown in line 4 of figure 28, part b). The increment of the i-th iteration, the 
write of the (i+ 1 )st, the Add of the (i+2)nd, and the Read operation of the (i+3)rd itera- 
tion are processed in parallel; each clock cycle a new iteration can be started, process- 
ing the conditional branch to the loop header in parallel. The statements in lines 1 - 3 
form the loop prolog and the statements in lines 5 - 7 the epilog of the loop, while line 
4 represents the loop body. 

8.5.3 Perfect Pipelining 

Aiken and Nicolau developed Perfect Pipelining, a technique to minimize loop execu- 
tion time; this and similar techniques are described in [Aiken 88], [Aiken/Nicolau 88], 
[Aiken/Nicolau 88b], [Aiken/Nicolau], [Nicolau 87], [Nicolau 88], [Nicolau/Pingali/ 
Aiken 88], [Schwiegelshohn 89], [Schwiegelshohn et a190] and [Schwiegelshohn et al 
91]. Perfect Pipelining tries to optimize software pipelining in combination with 
scheduling techniques. This is performed by unrolling the loop, compacting (parallel- 
izing) it as far as possible, and searching for common patterns in the resulting code to 
find the optimal new loop body. 

Figure 29 shows an example for Perfect Pipelining with three instructions A, B, and C 
where A i denotes the i-th iteration of A. The loop in part a) is unrolled 5 times and the 
statements compacted (i.e. parallelized) as far as dependences (here loop-carried 
dependences) permit; the resulting graph is shown in part b). In this graph we see a 
loop prolog comprising the top three boxes and a loop epilog, comprising the three 
boxes at the bottom. In the figure's centre there are two boxes with statements Dj, Cj+ 1, 
Bj+ 2, Aj+3. If we unroll the loop body further and compact it as before, we will get the 
same structure: a loop prolog of three boxes, a loop epilog of three boxes, and boxes of 
the same structure in the centre. We can then combine the centre boxes into a loop 
again and get in part c) of figure 29 an optimized loop where the size of the loop body 
is minimized. The algorithm for Perfect Pipelining is thus, in a general description: 
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I B:B[i] = g(A[i], B[i]) I 

I c:ctil = h~BtiJ), Ctil) I 
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Figure 29: Perfect Pipelining 

�9 Repeat  while no common patterns are found between the nodes in the loop's  centre: 

�9 unroll the loop; 

�9 compact  the loop; 

�9 compare  the nodes in the loop 's  centre; 

�9 find common patterns. 

�9 Roll back the loop around the common nodes in the loop's  centre. 

�9 Form the loop epilog. 

Algorithm 6: Perfect Pipelining 
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However, it is quite hard to find such common patterns and for specific kinds of loops 
(mostly irregular ones), Perfect Pipelining cannot be applied. 

8.5.4 I n t e g r a t i n g  L o o p  Paranelization and I n s t r u c t i o n  S c h e d u l i n g  

In [Aiken/Nicolau 88] the Percolation Scheduling core-transformations are used to 
compact the nodes; a combined processing of Perfect Pipelining and instruction sched- 
uling is described in [Ebcioglu 87], [Ebcioglu/Nakatani 89], and [Ebcioglu/Nicolau 
89]. Their method is called "Enhanced Pipeline-Percolation Scheduling"; it was devel- 
oped for an architecture using speculative execution. 



9 Developing Instruction-Scheduling Methods 
The following sections describe inslruction-scheduling methods and the variety of  
things which have to be considered for their development and application. Addition- 
ally, a set of tools is recommended as an environment to apply, tune, and assess these 
methods. The motivation for developing such methods is based on the question how 
competitiveness can be achieved in the three main areas of computing: 

1. PCs: 

Based on a given HW platform try to get most performance for particular applica- 
tion areas and support high-level user interfaces for the end-user by hiding all 
activities providing performance. 

2. Workstations: 

Performance is the key for competitiveness - try to provide as much performance as 
possible. 

3. Mainframes: 

Usage and exploitation of new HW for supporting the features of mainframe appli- 
cations without sacrificing compatibility. 

For all three areas we have the problem that new hardware is being developed which 
cannot be fully used by application programs yet. These new processors offer fine- 
grain parallelism and, as shown above, instruction-scheduling methods promise most 
success for exploiting the potential of the new hardware. So far, scheduling has proven 
its suitability for delivering high performance for applications in the numerical and 
technical domain. One of the main tasks of this book is the description of scheduling 
methods for the far bigger area of general-purpose applications. 

The methods described in the following provide support for the following objectives: 

�9 Creation of an environment for the development, testing, assessment, and tuning of 
instruction-scheduling methods. 

�9 Development, test, assessment, and tuning of instruction-scheduling methods for 
various applications, mainly in the general-purpose area. 

�9 Specification of hardware features which support scheduling and which promise 
most performance in combination with such software methods. 

The following sections describe, based on the experience from this project, what has to 
be considered and what has to be undertaken for inslruction scheduling. 
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Figure 30 shows a set of tools for building an environment supporting the objectives 
above: 
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Figure 30: Tools for Fine-Grain Parallelism Exploitation 

For developing, implementing, testing, and evaluating instruction-scheduling methods 
tools like those shown in figure 30 are needed. The application area chosen for the 
developments is based on general-purpose programs on workstations; such programs 
are typically written in C. The system architectures considered are a variety of VLIW 
and superscalar architectures as representatives of horizontal parallelism, and also 
pipelined architectures offering vertical parallelism. 

These tools take an application program as object to be tested; this may be one which 
is specific for particular applications or is used for benchmarking, e.g. one of the SPEC 
benchmarks. 

�9 The C compiler Iransforms the program into an intermediate-code representation. 
This representation is the input to the horizontal instruction scheduler. 

�9 The Horizontal Instruction Scheduler 

- analyses the program to provide all information necessary to optimize and 
schedule the application program 

- represents the application program in the program graph and in the form used 
by the pipeline scheduler 

- performs horizontal instruction scheduling and optimization 



64 I0 Tools for Instruction Scheduling 

- generates code and other output which is used as input for the simulators. 

�9 The Pipeline Scheduler 

- gets the representation of the application program from the horizontal instruc- 
tion scheduler 

- performs vertical instruction scheduling and optimization 

- conveys the reordered program back to the horizontal instruction scheduler for 
code generation. 

�9 The VLIW simulator models a great variety of VLIW architectures and configura- 
tions, takes a scheduled VLIW program as input and runs it like a re~ machine. 
Many measures are made during the run so that the scheduling methods and archi- 
tectures can be assessed. 

�9 The Pipeline Simulator performs the same for pipelined architectures. 

The methods presented in the following use C application programs. However, the 
methods developed do not depend on the kind of source language. They may be 
applied to other languages as well if their peculiarities are considered accordingly, like 
ENTRY or EQUIVALENCE constructs in FORTRAN. 

I0.I The C Compiler 

The main application area considered here is focussed on general-purpose programs in 
a Unix environment. For our further considerations, a C compiler from the University 
of V'uginia is used for transforming the application programs into intermediate lan- 
guage which will be the input for the horizontal instruction scheduler. This compiler 
comprises the "vpo", the "very portable optimizer". 
It is not hard to parallelize unoptimized code because there is mostly a lot unnecessary 
or dead code in such a program; however, this is not a realistic base for assessment. 
Optimized code was chosen to start with, so that we can evaluate how much perfor- 
mance we can get on top of these optimizations. Most well-known compiler optimiza- 
tions are offered in a consistent way by this compiler. 

The C compiler performs lexical and syntactical analysis of the application program 
and creates a flow graph for each function. This flow graph is output into a file which is 
then used as input to the horizontal instruction scheduler. For creating efficient code, 
the compiler's back-end uses a machine description based on a yacc grammar. This 
machine description is used with some additions for the scheduler as well. However, 
the routines for the semantic analysis were changed. 



11 The Machine Model 

The simulator and the horizontal instruction scheduler have a general machine model 
which allows to support a great variety of architectures. Basically, the machine model 
used for the following sections is described by sets of parameters, comprising: 

�9 The number of PEs. 

�9 All PEs are assumed as full ALUs (integer and floating point); resource manage- 
ment specifies PEs as using only subsets of  the instruction set and the scheduler's 
back end maps operations to suitable PEs. 

�9 There are 3 general register files, one for integer, one for single-precision floating 
point values, and one for double-precision floats. The corresponding entries in the 
machine description specify symbolic registers; they are mapped to physical regis- 
ters in the scheduler's back-end; (see subsection 12.4.1). All registers referred to 
before this mapping in the hack-end are symbolic registers. The register files' 
default size is 512 registers. The single- and double-floating-point registers may be 
synonyms for the same physical registers as in the MIPS R3000, i.e. d[0] (double) 
is physically the same register as f[O] combined with fi l l  (single). 

�9 For each PE there is a 2-bit condition-code register; all condition-code registers can 
be accessed by all PEs. 

�9 All PEs are directly connected to all register files. 

�9 The number of memory banks. 

�9 All PEs are connected to all memory banks via separate busses. 

�9 The organization of data on the memory banks may either be contiguous or inter- 
leaved. 

�9 The PEs' instruction set is an extension of the MIPS instruction set. 

�9 The compare operations write to the condition-code register of the PE they are exe- 
cuted on. 

�9 The main features of VLIW machines can only become evident if several condi- 
tional branch operations can be processed in parallel. The branch operations in the 
model used are "branch_pattern"- operations; they read all condition-code registers 
in parallel and consider them all for determining the new program-counter (PC) 
value. The branch_pattern operation has two operands, a pattern for masking the 
condition codes, and the new PC value. The mask for each condition-code register 
may assume the values TRUE, FALSE, and Don't Care. 

Example: Consider the program section from figure 21 on page 48. The three com- 
parisons are processed on three different PEs, e.g. on PE1 the comparison "a > 3", 
on PE3 the comparison "b > 4", and on PE5 the comparison "c > 4". The compari- 
son operation on PE1 sets the condition code register ccl according to the evalua- 
tion result to TRUE or FALSE, similarly in the other PEs. The branch_pattern 
operation sets the PC (shown using the labels of figure 21) according to the con- 
tents of the condition codes registers to: 

PC = L1 if [(col = TRUE) ^ (cc2 = DC) ^ (cc3 = TRUE) ^ (cc4 = DC) ^ (cc5 = 
DC)] 
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PC = L2 if [(ccl = TRUE) ^ (cc2 = DC) A (CC3 = FALSE) A (CC4 = DC) A (CC5 = 
DC)] 

PC = L3 if [(cc 1 = FALSE) A (CC2 = DC) A (CC3 = DC) A (CC4 = DC) ^ (cc5 = 
TRUE)] 

PC = I A  if [(cc 1 = FALSE) A (CC2 ---- DC) A (CC3 = DC) A (eta  = DC) A (CC5 = 
FALSE)] 

Here, DC means "don ' t  care", i.e. the corresponding value is not used and the PC is 
determined independently of  the corresponding value. For the other condition-cede 
registers (cc2 and cc4), DC is used for the mask, too. 

Restrictions and extensions to this machine model can be described in the input to the 
resource management (see section 13). 



12 The Horizontal  Instruction-Scheduler 

Figure 31 below shows the basic structure of the horizontal instruction scheduler: 
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Figure 31: Horizontal Instruction-Scheduler Structure 
The horizontal instruction scheduler consists of three parts: 

�9 The front-end which gets the intermediate-code representation of an application 
program as input, performs program analysis and generates the program graph 
as central data structure of the scheduler. 

�9 The central part (or middle-end), where transformations are performed on the 
program graph; these transformations are based on Percolation Scheduling. 

�9 The back-end, where the code for the target machine and the load file to drive 
the simulators are generated. 

12.1 The Interface Compiler - Scheduler 

The interface between compiler and scheduler comprises all information about the 
application program. The statements are represented in a "rtl" notation which means 
"register transfer line". This notation is specified in the yacc description of the target 
machine. 
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A rtl may represent a declaration or a symbolic instruction, several classes of which 
are defined; these are e.g. binary instructions (like c = a + b), loads or jump_and_link 
instructions. Each instruction class has its own syntax; for binary instructions it is e.g. 

destination = fight_hand_side; 

The destination may be one of the symbolic registers defined in the machine descrip- 
tion while the fight_hand_side may have different forms, e.g. 

sourcr op source2 

Here, sourcel is one of the machine's (symbolic) registers, op is an operand like "+" 
and source2 may be a register or an immediate operand. 

The machine model used in the scheduler has r-registers as integer registers, f-registers 
for single-precision floating point operands and d-registers for double-precision floats. 
Thus, a rtl may look like: 

r[8] = r[3] + r[5]; 

where the integer registers r[3] and r[5] are added and the result is placed in register 
r[8]. Immediate values may be used like in 

r [ 8 ]  = r [ 3 ]  - 4. 

The compiler was enhanced so that the rtls provide additional information like the 
memory address assigned during memory mapping, in addition to the other informa- 
tion about the declared variables. 

12.2 The Scheduler's Front-end 

The main tasks of the scheduler's front-end is shown in figure 32. It has to provide all 
information needed for instruction scheduling in the central part. The methods pre- 
sented in this subsection will be useful for most compilers and architectures, not only 
VL1W and superscalar. 

First, the symbol table information is determined. We want to be able to schedule 
memory-access statements (loads and stores) like other statements; therefore, we need 
sufficient information about placement of variables in memory. This information is 
stored in the symbol table. For each variable in the program we need for scheduling 
purposes its: 

* name 

�9 type 

�9 memory address 

�9 length 

Additionally, we need the layout and contents of branch tables (e.g. as created from a 
switch statement in the compiled program) and similar information. 
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Figure 32: The  Scheduler 's  Front-end 

Next, all rtls are read in; the rtls representing declarations are used to extend the sym- 
bol table information about the memory addresses assigned. While reading rtls repre- 
senting symbolic instructions, syntax and semantics of the rtls are checked and 
corresponding information is created, mainly the sequence of machine instructions 
corresponding to the rtls. 

The task of the front-end is to create the program graph for each function of the appli- 
cation program. This means, we have to ensure that all nodes of the graph contain 
operations which can be executed in parallel. All rtls, nodes, and functions must get 
attributes which characterize their data dependence and liveness information. Various 
kinds of program analyses are to be performed to provide all information necessary for 
our main purpose - global instruction-scheduling. 
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A particular topic has not been mentioned yet: multicycle operations. In most research 
of fine-grain parallelism this has been neglected because it means a lot of work without 
much advantage with respect to theoretical work. The TRACE machines even 
enlarged their basic machine cycle so that they had only single-cycle operations (i.e. so 
that each operation takes only one cycle to complete). However, this was a major 
obstacle for increasing performance by higher clock frequency. 

In general, the machine's processing units will be pipelined processors and there will 
be particular instructions whose execution phase will require more than one clock 
cycle, mainly floating-point operations. One solution for dealing with multieycle oper- 
ations in the context of Percolation Scheduling was presented in [Nicolau/Potasman 
90]. We will present another solution in sections 12.2.6 and 12.3.3.2. 

The following subsections describe the actions shown in figure 32 in detail. Subsection 
12.2.1 shows how rtls are mapped to machine instructions. This is a 1-to-n mapping 
with n _ 1. The rtls are duplicated so that we get one entry for each machine instruction 
to be scheduled. Machine instructions are the items which will be processed in parallel 
in the architectures, so they are the objects of scheduling. 

Subsection 12.2.2 shows how flow graph, pointer targets, and call graph are deter- 
mined. Subsection 12.23 describes how the parallelization potential can be increased 
by register renaming. Subsection 12.2.4 presents memory-access analysis which is 
needed for scheduling load and store instructions. Memory accesses are a major bottle- 
neck for system performance, thus a thorough analysis can offer significant support for 
performance enhancement. 

Subsection 12.2.5 describes data-dependence analysis, the main prerequisite of sched- 
uling. Subsection 12.2.6 shows how multicycle operations are represented in the pro- 
gram graph. Subsection 12.2.7 presents data-flow analysis which is necessary for 
global scheduling beyond branches and for scheduling beyond function boundaries. 
Finally, subsection 12.2.8 shows the interferences between scheduling and optimiza- 
tion. 

12.2.1 Mapping rtls to Machine I n s t r u c t i o n s  

This subsection is rather detailed (on the algorithmic level) and may be skipped by 
those who are not interested in these technical details. 

The rtls are the compiler's representations for the program statements on an intermedi- 
ate level. For execution on a machine, each rtl has to be mapped to one or more 
machine operations. Other intermediate-code representations will use a similar 
abstraction level above machine code so that they have to be mapped like the rtls. This 
mapping is described in the example below. 

Example: 

The high-level statement "x -- (y > 100000)" is translated by the compiler to a rtl state- 
ment of the class "compare_and_set". Its syntax is: 

destination = sourcel tel source2; 
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Here, sourcel may be an integer register and source2 an integer register or an immedi- 
ate value, while "rel" is a relation. The rtl will then e.g. look like: 

r[3] = r[5] >_ 100000; 

There are two problems to be solved for implementing such a rtl on a machine; firstly, 
the number has to be loaded, and secondly, the relation (">") has to be mapped to a 
corresponding machine instruction. 

In our machine model, the instruction "set on less" is used; for immediates requiring 
not more than 16 bits, the machine instruction "set on less_immediate" can be used. 

Thus, in our example, first the immediate value 100000 has to be loaded into a register 
and then the "_>" has to be transformed to a "<". 

Loading the immediate: 

In the underlying machine model, first the upper 16 bits ("a") of the immediate 
have to be loaded, and then the lower 16 bits ("b"); i.e. we determine a = 100000 & 
0xffff0000 and b = 100000 & 0x0000ffff. The result will be written to a scratch 
register, e.g. r[2]. 

Creating the relation: 

The comparison with ">" can be implemented as set on less followed by an 
exclusive or. 

Thus, we get the sequence (specifying the destination as rightmost operand): 

load__upper_immediate a, r[2]; 

or_immediate b, r[2], r[2]; 

set on less r[5], r[2], r[2]; 

xor 1, r[2], r[3]; 

Generally, for each rtl it has to be analyzed if an immediate operand is allowed at this 
place (i.e. as first or second operand), if it can be used for this kind of operation or if it 
has to be loaded using other machine instructions. Accordingly, the sequence of 
machine operations is determined. 

This part of the front-end, the mapping of rtls, encompasses instruction selection 
which is in traditional compilers mostly a task of the back-end. In our case, we have to 
perform it in the front-end to determine the candidates for scheduling - the instructions 
which we want to be processed in parallel, as far as possible. 

There are several classes of instructions to be considered which are treated separately 
while the instructions inside a class are treated equally. 

�9 binary: 

This class encompasses most of the instructions, e.g. most of the arithmetic 
instructions. 
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�9 c o m p a r e _ a n d _ b r a n c h :  

The instructions in this class compare register contents (or immediates) and 
branch depending on the comparison's result. The immediates (if there are any) 
have to be loaded into registers; relations have to be converted, branches which 
jump always (or never) have to be detected and mapped to jump instructions (or 
none), the fastest comparison instruction determined, etc. (In some machines, 
the comparison with 0 is faster than other comparisons.) In the machine model, 
compare_and_branch operations are implemented as pairs of instructions, 
namely compare instructions for various relations which set a condition code 
(according to the PE they are processed on) and branch__pattern operations 
which read all condition codes and decide depending on their contents upon the 
new value of the program counter (PC). 

�9 b r a n c h _ o n _ c o p r o c e s s o r :  

This symbolic instruction branches depending on a floating point comparison. 

�9 c o m p a r e  a n d  set:. 

These instructions compare the operands and place the result (TRUE or 
FALSE) in the destination register. Only one relation (compare if less) is 
implemented as machine instruction; thus, all other relations have to be mapped 
to a sequence of instructions comprising this one. 

�9 c o n v e r t :  

Conversions between different floating-point formats (single, double preci- 
sion). 

�9 f l o a t c o m p a r e  

�9 j u m p _ a n d _ l i n k :  

These are essentially the call instructions; saves and reloads of registers at func- 
tion calls are entered separately by the compiler; the machine model offers no 
complex call-instructions (because they might decrease parallelism). 

�9 load: 

The addressing mode is determined by the compiler; in the scheduler's front- 
end it has to be determined if immediates have to be loaded into registers before 
actually executing the load (as above) and if floating point values or integers 
have to be determined or if unsigned variants of operations are used. Addition- 
ally, we try to find out which memory address is accessed; the expression for 
calculating the memory address and the address' value are determined (if possi- 
ble) and entered as attributes of the rtl in its program-graph node (see subsec- 
tion 12.2.4). 

�9 l o a d  immedia te :  

loading immediates is implemented by operations like add_immediate or 
load_upper_immediate followed by or_immediate. 

�9 m o v e  f r o m _ c o p r o c e s s o r ,  m o v e t o _ c o p r o c e s s o r :  

These instructions move data between PEs. 
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�9 jump: 

Such an instruction sets the value of the next PC to an immediate conveyed as 
operand; act~mlly, this information is represented by the edges in the flow 
graph. It would be rather cumbersome to schedule jump operations individually 
because their dependences are flow dependences, not data dependences. Hence, 
jumps would have to be changed frequently during scheduling. There is an easy 
way to deal with jumps: remove all jumps - the information is retained in the 
flow graph (and thus in the program graph) structure, anyway. At the end of the 
code generation phase (see section 12.4.5) jumps are inserted at the places 
where they are needed. 

�9 A special class encompasses case instructions. These are mapped to jump 
tables internally. Such a table contains jump operations to the instructions to be 
executed in the different branches of the case operation. The possible results of 
the condition to be evaluated in the case statement are mapped to a sequence of 
integers. The case instruction is implemented by loading the integer corre- 
sponding to the condition to be evaluated into a register first and then perform- 
ing an indirect branch using these register contents as distance to the head of 
the jump table. 

�9 Other classes, like negate, not, return, store, noop .... 

For some instruction classes, lots of different cases have to be considered, but mostly 
the algorithm for mapping rtls to machine instructions has the following structure: 

First, if one operand is an immediate (or beth), it has to be checked if there is an 
operation for the intended purpose allowing immediate operands. If there is none, 
the immediate values have to be loaded into registers by creating the corresponding 
operations as described above. Then, the binary instruction is selected - in case of 
boolean expressions there may be a sequence of such instructions. Finally, a subse- 
quent instruction for moving data may be necessary. 

We will take a closer look at the class encompassing most instructions, which are also 
those occurring most frequently, the binary instructions. This class encompasses not 
only most integer-arithmetic instructions, but also most floating-point instructions. For 
those, just the operands' precision has to be considered and the corresponding single- 
or double-precision instruction has to be created. 

For mapping the rtls to machine instructions, first the left and then the fight operand is 
checked. If the left one is an immediate operand (or if it does not fit into the 16-bit 
immediate field of a machine instruction) it has to be loaded into a register because the 
machine model does not allow immediates as left operands. Loading an immediate 
means creating a "load_upper_immediate" instruction to load its upper 16 bits (if they 
are not all 0). Then an "or_immediate" instruction is created which will combine the 
previously loaded 16 upper bits with the 16 lower bits of the immediate operand. 

Such immediate operands may be expressions containing the names of variables or 
constants; in such a case, the expression has to be evaluated, replacing names by the 
corresponding addresses. 
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After having determined the operands, the machine instruction can be created. It m a y  
belong to one of several types: 

�9 standard (signed operation with register operands only) 

�9 unsigned (unsigned operation with register operands only) 

�9 immediate (signed operation with one immediate and one register operand) 

�9 unsigned-immediate (unsigned operation with one immediate and one register 
operand). 

This is just an outline of the algorithm. For particular cases more effort is invested for 
creating machine inslructions, e.g. for subtractions of immediates the inslruction 
add imm adding the negative immediate is created because subtraction instructions 

m 

with immediates are not offered by the machine model and because the algorithm 
described above (in this simplified form) would create two instructions instead of the 
(faster) single add_imm instruction. 

The other classes of operations are mapped similarly, corresponding to the outline 
described above for binary operations. 

12.2.2 Flow Graph, Pointer Targets and Call Graph 

The compiler conveys the rtls structured in aflow graph; this structure is used as initial 
structure of the program graph. 

Pointers are quite convenient for programming, however, they induce a lot of hardship 
for compilers and for instruction scheduling. A store operation to a variable in memory 
must not be moved across a load or store operation referencing the same address; sim- 
ilarly, a load operation must not be moved across a store operation which may refer- 
ence the same address. Otherwise, memory contents cannot be kept consistent with 
program semantics. This fact is quite obvious, but how can we determine the address 
of a load or store operation? 

Subsection 12.2.4 presents methods to determine such addresses for non-pointer 
accesses. For simple pointer accesses this is not too hard either: if a pointer p always 
references the same variable x, then accesses via p and accesses to x must not be inter- 
changed (if at least one of them is a store operation). However, what happens if we 
have pointers to pointers? Or pointers to pointers to pointers? In linked lists we may 
chase down a long chain of pointers until performing eventually the actual access to 
the data needed. 

In [Aho/Sethi/Ullman 88] a method is described to identify the set of those variables 
which may be accessed via pointers. For each pointer we can additionally determine 
the set of variables which may be accessed via this specific pointer. Using this infor- 
mation, we can get rules for moving load and store operations: 
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Consider two memory accesses where at least one is a store operation; how can they be 
reordered? 

�9 If we have no information about pointer targets, an access via pointer must not 
be moved across another memory access and, similarly, no memory-access 
operation must be moved across an access via pointer. 

�9 If  we have the set Pointertargets of variables which may be accessed via 
pointer then an access via pointer must not be moved across an access to a vari- 
able v e Pointer_targets, and, symmetrically, an access to v must not be moved 
across an access via pointer. 

�9 If  we can identify for a pointer p the set Targets (p) of  variables which may be 
accessed via p then an access to a variable v must not be moved across an 
access via p if v ~ Targets (p), and similarly the symmetric move is not 
allowed. 

Generally, the sets Targets(p) cannot be identified for all pointers p. However, some 
further observations allow additional movements of operations: 

�9 A pointer p which references only global variables may be moved across 
accesses to local variables. 

�9 A pointer p which references only local variables may be moved across 
accesses to global variables. 

�9 Special care has to be taken for pointers conveyed as function parameters; using 
such pointers, a function f may access a variable local to another function g. 

The call graph is a basic structure for all interprocedural analyses. Its nodes represent 
functions and there is an edge from a node N1 representing a function f to a node N2 
representing a function g if g is called in f. Recursive function-calls yield a cyclic call- 
graph. The call graph is needed for interprocedural analyses in the front-end and also 
in the other parts of  the scheduler. 

12.2.3 Registers and Register Renaming 
First experiments showed that a considerable portion of the parallelism inherent to the 
application programs could not be exploited due to dependences which could not be 
resolved. In subsection 7.1, the data dependences are introduced as major constraints 
for instruction scheduling. However, write_after_write and write_after_read depen- 
dences do not represent program semantics - they are only for programmer's conve- 
nience or lack of resources. Both dependences occur when we assign a new value to a 
variable v. But let's assume we assign this new value to a different variable v '  - we 
need not use the name v for this variable any more. If we rename v to v '  in the program 
for this assignment and all further uses until the next assignment of  another new value 
to v, we remove all dependences of the renamed variable to v. Thus, instructions using 
v may be processed in parallel to instructions accessing v' .  

On the intermediate-code level of  the rfl statements, there are the same kind of depen- 
dences - assigning a variable v fixedly to a symbolic register r means that the depen- 
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dence between variables is mapped to the same kind of dependence between registers. 
There are additional sources for dependences on the intermediate-code level, e.g. for 
the evaluation of expressions. In the simple example: 

x = 5 * y[8] + 10 * y[7]; 

we have just one high-level instruction. However, on the rfl level we need more than 
two registers for x and y. The (optimized) rtl sequence for this statement may look like: 

r[2] = y + 32; /* Assuming 4 bytes wordlength for y, we have to access the 

r[31 = MEM (r[2]); 

address determined by the start address of y plus a distance 
of 8*4 for y[8]. */ 

/* The contents of the memory cell containing y[8] is loaded 
into register r[3]. */ 

r[4] = r[3] * 5; 

r[2] = y + 28; 
r[3] = MEM (r[2]); 

r[3] = r[3] * 10; 

r[5] = r[3] + r[4]; 

The registers r[2] and r[3] are used for evaluating both expressions, "5"y[8]" and 
"10*y[7]"; this induces dependences between the evaluation of the two expressions 
which are not necessary. Using other registers for the second expression (the three 
statements marked by a bar) allows to process them in parallel to the first three state- 
merits. 

This shows that register renaming can increase performance by removing anti- and 
output-dependences; in our experiments this turned out to be significant after the first 
runs. 

The following part of this subsection may be skipped by those who do not want to dive 
into algorithmic details. The algorithm for register renaming is presented and some 
information necessary for understanding the algorithm. 

Internally, the scheduler uses two passes for renaming, one after call-graph construc- 
tion for renaming the evaluation of expressions, and the other one after live analysis 
for general renaming outside expressions. 

For most processor architectures particular registers are reserved for particular pur- 
poses. The instruction scheduler applies the MIPS conventions; the following ones are 
important for renaming: 

�9 Registers r[4], r[5], r[6], and r[7] are used for function parameters (if a function 
has not more than 4 parameters; otherwise, a pointer to the memory address 
where the parameters are stored is used as parameter). 

�9 Register r[2] is used for a function's return value. 
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�9 Some registers contain fixed values or are mostly used for particular contents: 

- r[0] always contains 0 

- r[29] usually contains the stack pointer 

- r[31] usually contains the return-instruction pointer 

- 110] and ti2] are used for floating-point function results 

- ti12] and 1114] are used for the first two parameters with floating-point values. 

�9 The HI- and LO-registers are used for multiplication and division results only. 

The general algorithm, applied after live analysis, cannot utilize these special registers, 
therefore in the first pass these reserved registers are renamed as far as possible. 

The common renaming algorithms work on program dependence graphs and are used 
only inside basic blocks, see [Liebl 92] and [Miiller 91]. Therefore, a new, quite 
straight-forward, general renaming algorithm was developed (see [Liebl 92]). How- 
ever, this algorithm uses registers quite offensively and already medium-sized pro- 
grams need a lot of symbolic registers (their number is defined in the machine 
description). The reason is that symbolic registers are renamed across the whole appli- 
cation program and no register number is used twice, not even in different functions. 

Let's consider two functions fl and 12. If there is a path in the call graph from fl  to f2 
then f l  calls f2 or fl  calls another function which calls another ... which calls t2. Con- 
sider the following example: 

A symbolic register r[i] was renamed to r[9]: 

fl:  ... fl :  ... 

r[i] = 3; renamed to r[9] = 3; 
call 12; ~ call f2; 
r[10] = r[i] + 2; r[10] = r[9] + 2; 

If register r[9] is written in function 12, too, then the renaming of r[i] to r[9] in f l  
changes program semantics - which is not quite desirable. How can we know if regis- 
ter r[9] will ever be used in f2? Well, that's only possible if f2 is renamed before fl  - or 
if r[9] is not used as possible renaming target in f2; the latter is the way it is imple- 
mented in the algorithm. The former case is only possible in non-cyclic parts of the 
call graph and is thus not generally applicable. 

Some practicable solutions are: 

�9 Rename as far as possible, i.e. as long as there are enough symbolic registers 
available. Renaming is stopped if there are no more registers available, sacrific- 
ing the performance increase possible by further renaming. 

�9 An analysis of the call graph determines for each pair (fl, 12) of nodes repre- 
senting functions f l  and f2 if they interfere, i.e. if there is a path between them. 
If f l  calls f2 then the rules are: 
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- for renaming in f l  no register r[i] may be used as renaming target if r[i] is used 
(read or written) in f2 �9 

- for renaming in t'2 no register r[i] may be used which is live after the call of t2 
in f l  

- all places where calls from f l  to f2 are made have to be considered for renam- 
ing 

- all pairs of functions have to be considered. 

For the foUowing algorithm we need the definition of a "dominator": 

D e f .  10: D o m i n a t o r  

A node N1 in a program graph dominates a node N2 if every path from the graph's 
start node to N2 passes through N1; N1 is a dominator of N2. 

We consider each node to dominate itself. 

Register renaming is performed according to the general description in the following 
algorithm; function calls are printed below in italics and bold face is used for function 
names where they are specified. Some functions are called which are not described fur- 
ther or only partly in the algorithm: 

�9 Determine dominators (N): 
m 

For each node N the set of all nodes N'  which dominate N is determined and 
added as attribute to the node N in the program graph. There are many algo- 
rithms to determine dominators, e.g. in [Aho/Sethi/Ullman 88]. 

�9 inser tcorrect ion_code (N, r[i], r[j]): 

Such correction code is needed to maintain program semantics at places where 
we step from one region of the program graph where r[i] has been renamed to 
another one where r[i] has not been renamed; such a situation is e.g. shown in 
figure 27 on page 57 where the statement "i=i' " i s  inserted. 

This routine is called when we have a node N'  with 2 predecessors N and M; a 
symbolic register r[i] is renamed to r[j] in N (and its predecessors) and not 
renamed in M. Thus, we have to remap r[j] to r[i]; this is performed by inserting 
an assignment r[i] = r[j] in node N. This node N is the first parameter of the 
function insert_correction_code (N, r[i], r[j]). 

The assignment" r[i] = r[j] " is inserted into node N as a rtl if there are suffi- 
cient resources in N available and if there are no dependences, e.g. if r[j] is not 
written in N. The dependence and liveness information has to be updated if the 
insertion can be performed. 

�9 r e n a m e _ e x p r e s s i o n  (op,  N) :  

This routine renames the output operand r[i] of operation op in node N and its 
use as source operand in subsequent operations reading r[i], until r[i] is over- 
written again. In the actual implementation, renaming of expressions is per- 
formed before the nodes of the flow graph are split. Thus, the nodes contain 
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basic blocks and the evaluation of an expression is performed inside one basic 
block, i.e. always inside the node N. The sequence of the rtls inside a node is 
the execution sequence before the rtls are moved. No renaming is performed in 
nodes comprising call operations. 

Algorithm for register renaming: 

Generally, the following actions have to be performed: 

1. Determine for all nodes N their dominators. 

2. Loop across all nodes N and all operations op in N: try to rename op's destination 
register r: 

2.1 Check all successor nodes of N and collect those in a list L where r will be 
renamed. 

2.2 Mark all places where correction code has to be inserted. 

3. Rename r in N and all nodes in the list L. 

4. Insert correction code wherever necessary, i.e. where a mark has been set. 

Register Renaming (program_graph):  

Ad 1.: 

�9 Loop across all nodes N of a program graph: 

�9 Determine_dominators (N). 

Ad  2.: 

�9 Loop across all nodes N of the program graph and all rtls "op" in N: 

�9 Ad2.1:  

�9 For each operation op writing to an expression-evaluation register r[i]: 

�9 rename_expression (op, N), rename the expression only. 

�9 For other operations op writing to a register r[i], which are neither copies of 
any rtl nor part of multicycle operations: 

�9 Loop across all successor nodes N'  of  N (from N down to the leaves) as 
long as r[i] is not overwritten: 

�9 Is N'  not dominated by N and r[i] live in N'?  

no: .return (no renaming possible or necessary). 

yes: oL = L u {N'} i f r  is read in N'.  
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�9 , , t d 2 . 2 :  

Ad 3.: 

�9 Has this N' a successor where r[i] is live and which is not dominated by 
N? 

yes: .Mark N'  to insert correction code. 

�9 L f L u  {N'} i f r i s  readin N'. 

�9 End loop across all successors of N. 

�9 r[jl = rename_destination..operand (op, N) (r[j] is the new register name). 

�9 Update node and rtl information (e.g. the set of registers written). 

�9 Loop across all nodes N2 E L and all rtls opl in N2: 

�9 rename_sourceoperands (r[i], opl ,  r[jl). 

�9 End loop across all rtls in N2 and across all N2. 

�9 End loop across all rtls "op" in N and all nodes N (from 2.). 

Ad 4.: 

�9 For all nodes N'  where the mark for inserting correction code t is set: 
�9 , . 

�9 insert_correction_code ( N ,  r[l], if.j]), 

Recalculate the accumulated attributes of the current function "foo" e.g. about regis- 
ters read and written in "foo", live registers at enwance and exit of"foo" ,  etc. 

rename_expression (op, N): 
�9 If there is no call or system_cail operation in node N: 

�9 Loop across all rtls in N: 

�9 Is there a rtl opl where op's destination operand r[i] is dead? 

yes: �9 Determine the next available renaming target, register r[j] (just the next 
element of a list of unused registers). 

�9 r[j] = rename_destination._operand(op, N). 

�9 Loop across all rtls in N from op to opl:  

�9 rename_source_operands (r[i], opl,  r[j]); 

Special care has to be taken for floating-point single and double registers, which may 
overlap in particular architectures. 

rename_destination_operand (op, N): 
�9 Determine the next available symbolic register r[j] for renaming (single- and double- 

precision floating-point registers have to be considered accordingly). 

�9 Stop if there are no more registers available. 

�9 Replace r[i] by r[j] as destination operand and in the corresponding attributes of  the 
rtl op, e.g. the set of registers written. 
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�9 Replace r[i] by r[j] in the corresponding attributes in N, e.g. the set of registers writ- 
ten in N. 

(Accumulated information for the function "foo" where N belongs to, cannot just be 
updated because we don't know here if the register r[i] may be read or written at 
another place in "foo" or N; this information has to be determined anew.) 

rename source_operands (r[i], op, r[j]): 

The symbolic register r[i] has to be renamed to r[j] in operation op as source operand. 

�9 Determine which operands have to be renamed in operation op, according to its syn- 
lax. 

�9 Replace r[i] by r[j] as source operand(s) and in the corresponding attributes of the rtl 
op, e.g. the registers read and the sets of live registers. 

�9 Replace r[i] by r[j] in the corresponding attributes in N, e.g. the set of registers read 
in N; 

Algorithm 7: Register Renaming 

12.2.4 M e m o r y - A c c e s s  Analys is  

In section 7 the constraints for instruction scheduling were introduced - data depen- 
dences and off-live dependence. However, these definitions were developed for sym- 
bolic registers. In an actual machine there are dependences between memory accesses 
to be considered, too. Two memory accesses where at least one of them is a store oper- 
ation may only be executed in parallel or in exchanged order if we can guarantee that 
they refer to different, non-overlapping memory areas. For accesses to symbolic regis- 
ters we always know which register is accessed, however, accesses to memory often 
do not offer the actual addresses as operands statically. 

Such a memory-access analysis may be performed at different representation levels; 
here, we use the intermediate-code level where we have symbolic registers. At the 
source-code level, an alias analysis is necessary to get the information needed. 

In RISC architectures usually only load and store operations access memory while in 
CISC architectures other operations may refer to memory addresses, too. In the 
machine models considered here, only load and store operations may access memory. 
However, the methods presented here can be extended to CISC architectures. 

Memory-access operations mostly use two or three operands to determine the memory 
address; the most common addressing modes are shown below for store operations: 

Constant: Direct (immediate) addressing; 

example: MEM[2048] = r[5]; 

register: Indirect addressing, (register deferred or indirect); 

example: MEM[r[4]] = r[5]; 
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immediate + register: displacement or based addressing (e.g. for local variables); 
example: MEM[r[29] + Svar] = r[5]; 

immediate + register + 
scale * index: scaled or indexed addressing; 

example: MEM[r[29] + Svar + d*r[3]] = r[5]; 

Other addressing modes are memory indirect (memory deferred), auto increment, and 
auto decrement. 

A literal (constant) in rtl notation may either be a number or a symbolic variable (like 
"$var" above); the latter specifies the memory address of a user- or compiler-defined 
variable. The symbolic variable name used in the front-end of  the compiler and sched- 
uler is later replaced by the actual memory address of the variable "$var". The scale 
factor "d" may be used to specify the length of an array element. 

Direct addressing mode is used for accessing static data, mostly data created by the 
compiler or operating system. Register indirect addressing is used e.g. for computed 
addresses or accesses via pointer. Based addressing is e.g. used for accessing local 
variables where the register contains the stack pointer and the literal value is the vari- 
able's distance from the current stack pointer. It may also used be for accessing arrays 
if there is no scaled access. The scaled access mode is used for array accesses or e.g. 
for accessing structured variables like records. In the example above, r[29] may con- 
lain the stack pointer, $var is the symbolic name of a local variable, i.e. its address, "d" 
the length of an array element, and in r[3] we have the array index to be accessed. 

The direct addressing mode offers the memory address statically, but for all other 
addressing modes the rtl notation of a load or store operation does not contain the 
actual memory address. If we want to schedule load and store operations then the 
addresses have to be determined at compile time so that these operations can be exe- 
cnted in parallel or in exchanged order. 

This means that we have to determine the contents of registers statically at compile 
time. Thus, in the above example for (register) indirect addressing, we have to deter- 
mine the contents of register r[4]. There are of course cases where we cannot deter- 
mine these contents, e.g. when the program chases down a linked list via sequences of 
pointers; often, it even cannot be reconstructed statically how many accesses via 
pointer are made e.g. inside a while-loop. 

In the following we assume that our machine offers direct, indirect, and base address- 
ing. From the kinds of operands used in a load or store operation we can get informa- 
tion about the kind of variables accessed (depending on the compiler and how it 
creates memory addresses). A load or store operation always has the form: 

load rdest, raddr , literal; ... raddr is the register used to determine the address 

store raddr, rsouree, literal; ... raddr is the register used to determine the address 
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The different cases are analyzed below: 

1. raddr is r[0]: 

In our machine architecture the register r[0] always contains the value 0 as in many 
RISC architectures. 

1.1 literal is a symbolic variable: 

This is a direct access to a simple global variable or the first element of a global 
array or structure. 

1.2 literal is a number: 

This is a direct access to a constant; usually this is used for compiler or operat- 
ing-system defined variables stored at fixed places in memory. 

2. r~d r is the stack pointer, resp. the frame pointer r[29]: 

2.1 literal is a symbolic variable: 

This is a direct access to a simple local variable or the first element of  a local 
array or structure (if the compiler allocates structures and arrays on the stack). 

2.2 literal is a number: 

This is an access to a local constant which resides always at the same place on 
the stack; this access mode is usually used for items which reside always at the 
same place on the stack, e.g. compiler-created data like the frame size. 

3. raddr is neither r[0] nor the stack pointer, resp. the frame pointer (This is the general 
case): 

3.1 literal is a symbolic variable: 

3.1.1 This is mostly a direct access to a structure or array where literal is the 
name of the array or structure and radar specifies the distance from the 
beginning of the array or structure. We have such a direct access if the 
contents of raddr can be determined uniquely. 

3.1.2 If the contents of ra~ r cannot be determined uniquely, but as function 
e.g. of  an index, then we may have an ambiguous direct access to array 
or structure elements. Example: an access to a[2*i+l] inside a loop may 
be compiled with literal as $a (i.e. the start address of the array a) and 
the contents of raddr are the distances of the accesses from this start 
address, depending on the loop iteration and the array element size. 

3.1.3 If  the contents of raddr cannot be determined then we may have a direct 
access to an array or structure determined by literal where the distance 
(stored in register raddr) may be determined by other functions in the 
source program. 

3.2 literal is a number: 

3.2.1 If the contents of  raddr can be traced back (maybe across arithmetic 
transformations) to the loading of a symbolic variable, i.e. the start 
address of  an array or structure (a symbolic "load_address" operation), 
then this is a direct access to an array or structure. The element accessed 
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3.2.2 

3.2.3 

3.2.4 

may be unique or ambiguous; the latter one e.g. if we access a[2*i] in a 
loop with loop index i. 

If the contents of raddr can be traced back to a load operation - there may 
also occur some arithmetic transformations - then we have an indirect 
access, i.e. via pointer. The pointer may be unique or ambiguous, e.g. as 
compiled from a statement like: "x = if (expr) then *p else *q". 

If the contents of raddr Can be traced back to loading a number and 
perhaps some arithmetic transformations on that, then we have an 
indirect access via a pointer which resides at a fixed place in memory; 
this will mostly be accesses to compiler-generated variables. 

In cases where we chase down pointers along fists or graphs or when 
pointers are passed as parameters to functions, we have generally no 
chance to determine the address of a memory access (except in some 
particular cases). 

From the list above we can see that there arc many kinds of accesses where we can 
determine the actual address. But how can this determination be performed? First, we 
check all load and store statements. Starting from there we Iracc the program graph 
backwards and try to evaluate the actual contents of raddr. In the following, an algo- 
rithm is presented which tries to find the addresses of memory accesses, i.e. an algo- 
rithm for memory access analysis. 

Readers who do not want to dive into algorithmic details may skip the remainder of 
this subsection. 

After the rtls are mapped to machine instructions we try to determine the memory 
addresses for each load and store operation of a program graph (there is one program 
graph per function of the user program). When a rtl is mapped to a load or store opera- 
tion then the literal for determining the memory address may be not only a name of a 
symbolic variable, but also a more or less complicated expression. This expression is 
analyzed and inserted as attribute into the rtl structure in the program-graph node. 

For each memory-access operation the memory address is determined and analyzed 
and the results added as aUributes to the rtl of  this load or store operation and to the 
node where the rfl resides. Some of these attributes are: 

�9 T h e  addre s s  accessed, described as expression. 

�9 T h e  va lue  of the address accessed (if it can be determined). 

�9 The type of variable being accessed, one of: 

- CONSTANT 

- simple GLOBAL variable 

- simple LOCAL variable 

- ARRAY 

- ARRAYEXPRESSION: here, an expression is used to determine the literal 
of the operation 
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- POINTER 

- POINTER_EXPRESSION; here, an expression is used to determine the oper- 
ation's literal 

- ALL; here, all memory addresses may be accessed. 

�9 The uniqueness of the access, one o f :  

- UNIQUE 

- EMPTY_AMBIGUOUS; the actual values cannot be determined 

- VALUE_AMBIGUOUS; here, the address is one element of a set of deter- 
mined values. 

�9 A mark specifying if the variable accessed is a pointer target (see subsection 
12.2.2). 

�9 For variables with ambiguous value we may have several sets of these 
attributes, one for each possible value. 

The following example shows an access which is "VALUE_AMBIGUOUS': 

x = ff (expr) then a[4] else a[5]; 

Here, the set of possible values for accesses is 

{ (start address of variable a) + 4 * (length of array element), 
(start address of variable a) + 5 * (length of array element) } 

For an integer array a this is e.g.: { $a + 16, $a + 20 }. 

The load or store operation represented by the rtl has two operands to determine the 
address: the register raddr and an expression "expr" for the literal. Both operands are 
represented as structures with the same attributes as the memory access itself, espe- 
cially the type (e.g. LOCAL or POINTER, see above), and the ambiguity (e.g. 
UNIQUE or AMBIGUOUS). The structures for both operands (i.e. raaar and expr) are 
combined in all attributes to describe the memory access, i.e. the expressions describ- 
ing the operands are combined as "expressionl + expression2", thereby considering 
additional unary operations like indirection (i.e. something like "*p" in C). The values 
are combined by evaluating the expressions and replacing symbolic addresses by their 
actual values. The type and ambiguity attributes are combined according to *,he follow- 
ing rules (applied in this order): 

�9 If the type of r,:,,~, is "ALL" then the type of the memory access is "ALL". 

�9 If one of the two operands is of type "CONSTANT" then the memory access 
has the type of the other operand. 

�9 If the type of radar is "POINTER" and the type of expr is "GLOBAL" then the 
type of memory access is "POINTER"; this kind of access occurs if we access 
via a pointer inside a structure. Such structures are not allocated on the stack, 
thus they are not local in the sense used here. This may occur also for arrays 
which are declared as simple variables (not as arrays) in the application pro- 
gram, but are actually accessed as arrays. 
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�9 If the type of radar is "POINTER" and the type of expr is "ARRAY" or 
"ARRAY_EXPRESSION" then the memory access is of type 
"ARRAY_EXPRESSION" of the ambiguity "EMPTY_AMBIGUOUS", i.e. 
we cannot identify statically exactly which array elements will be accessed. 
This occurs e.g. for an access to the i-th element of an array where i is not a 
constant but a variable loaded from memory before the access. At compile time 
we do not know the value of i at run time, therefore it is 
"EMPTY_AMBIGUOUS" and may assume different values, e.g. inside a loop. 

�9 If the ambiguity of radar is "EMPTY_AMBIGUOUS" and the type of expr is 
"ARRAY" or "ARRAY_EXPRESSION" then the memory access is of type 
"ARRAY_EXPRESSION" of the ambiguity "EMPTY_AMBIGUOUS", i.e. 
we cannot identify statically exactly which array elements will be accessed. 

�9 For all other types of combinations we assume that any arbitrary memory 
address may be accessed, i.e. the type of  memory access is specified as "ALL". 

One of the main actions of memory-access analysis is evaluating the contents of the 
register raadr. How can this analysis be performed? The method is developed using an 
example: 

PC = r[1] > 0, L01 

r[3] = 10; 

PC = L02; 

L01: r[3] = 12; 

L02: r[4] = 40000; 

r[5] = r[4] - r[3]; 

r[5] = r[5] << 2; 

r[6] -- MEM[$myvar+r[5]]; 

branch_if_greater_0 r[ 1 ], L01; 

add_imm r[3], r[0], 10; 

jump L02; 

add_imm r[3], r[0], 12; 

load_upper_immediate r[4], up40; 

or_immediate r[4], lo40, r[4]; 
up40 are the upper 16 bits of the number 40000, and 
1o40 are the lower 16 bits 

sub r[5], r[4], r[3]; 

shift_left r[5], r[5], 2; 

load r[6], $myvar, r[5]; 

Figure 33: Example Program for Memory-Access Analysis 

In figure 33 we have a small part of a program, in the left column in rtl notation and in 
the fight column there are the corresponding machine operations these rtls are mapped 
to. The machine language used is oriented at the MIPS instruction set where the desti- 
nation operand is noted first. Immediates requiring more than 16 bits have to be loaded 
in a register by loading the upper 16 bits with the instruction load_upper_immediate 
and then adding the lower 16 bits using the instruction or_immediate. We assume that 
the address of the variable "myvar", here specified as "$myvar", requires not more 
than 16 bits, e.g. $myvar -- 880. 

In the bottom line we have the load operation we want to analyze. This operation loads 
something from memory and moves the result to register r[6]. The memory address to 
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be accessed is specified by $myvar and register r[5]. The name "$myvar" represents 
the address of the user-defined variable myvar. The register r[5] is unknown at this 
place; thus, we will try to evaluate its contents. Before, we will evaluate the literal by 
searching for the name "$myvar" in the symbol table. There we will find for example 
that $myvar is an array with start address 880. Such a literal may be specified as an 
expression applying standard arithmetic (including shift operations). We note the 
information about this literal: 

type = ARRAY; 

value = 880 

ambiguity = UNIQUE; 

Then, we start to analyze the contents of register r[5]. We perform this by tracing r[5] 
backwards (i.e. upwards) in the program graph. 

The method for analyzing the contents of register raddr Can be outlined as: 

�9 Go upwards in the program graph until you find radar as destination operand. 

�9 If the operation found there has only immediate source operands then evaluate 
them and report the result back. 

�9 If the operation found has one register source operand and one immediate 
source operand then evaluate that source register in the same way as described 
here and combine the evaluation result with the immediate source operand to 
get the result for raaar. 

�9 If the operation found has two register source operands then evaluate them both 
in the same way as described here and combine the evaluation results to get the 
result for raadr. 

Now we apply the outlined method and develop the steps to proceed for determining 
the contents of r[5]: 

Step 1: On our way up in the program graph we first find the instruction "shift_left 
r[5], r[5], 2". We note that r[5] is destination operand in this instruction, thus 
we analyze this instruction next. Checking the source operands we find that 
there is one register, r[5], and one immediate, 2. Thus, our task has been trans- 
formed to the new task: "Find the contents of r[5] and shift them left 2 bits; 
then convey the result to the caller". 

Step 2: On the way up in the program graph we find the instruction "sub r[5], r[4], 
r[3]" next. The destination operand is r[5], so we have to analyze this instruc- 
tion. The source operands are r[3] and r[4]. Thus, the objects of our subse- 
quent analyses are r[3] and r[4]. 

Step 3: The next register to evaluate is r[3]. On our way up the program graph we find 
two instructions where r[3] is not the destination operand - these are not con- 
sidered here. The following one is "add_imm r[3], r[0], 12". Here, we have 
r[3] as destination operand and r[0] and 12 as source operands. We know the 
contents of r[0] - this is always 0 - thus, we can tell the contents of r[3] here: It 
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Step 4: 

Step5: 

Step 6: 

Step 7: 

Step 8: 

Step 9: 

Stepl0: 

is 0 + 12 = 12. So we can note 12 as the value to convey back as contents of 
r[3]. 

However, the preceding node where we discovered r[3] as new target, has two 
predecessors - the one we just checked and another one with the inslruction 
"add_imm r[3], r[0], 10". Here, the same kind of analysis shows that r[3] has 
the value 10. We return this value, too, to the function which initiated the 
action in step 4; this is the function executed in step 3. 

This is a return to the function from step 2 where we initiated steps 3 and 4. We 
get two results for r[3]: 10 and 12. Both are possible, depending on the condi- 
tion in the conditional branch operation above (r[1] > 0). Thus, r[3] gets 
marked as "VALUE_AMBIGUOUS" with the values [ 10,12]. 

In step 2 we found out that not only r[3] but also the contents of r[4] have to be 
analyzed. 

We climb up the program graph again from the line considered in step 5 and 
step 2 (" sub r[5], r[4], r[3] "). We find the line "or_immediate r[4], 1o40, r[4]", 
where r[4] is the destination register. The next register to analyze i s again r[4], 
the instruction's source register. 

Here, we find the instruction "load_upper_immediate r[4], up40" and the eval- 
uation shows that r[4] contains the value of the upper 16 bits of 40000. Com- 
bined with the result from step 6 we get the value of 40000 for r[4] which is 
conveyed back to the function initiating the evaluation of r[4] - the one we left 
in step 2 (and step 5). 

In step 2 we noted that the contents of r[3] and r[4] have to be combined as r[4] 
- r[3] to determine the contents of r[5]. With the values conveyed back from 
steps 3 and 5, together with step 7 we get the values {39990, 39988} as possi- 
ble contents of r[5] (as difference of r[4] and r[3]). There are two possible 
instead of one unique result, therefore, we have to attribute r[5] as 
"VALUE_AMBIGUOUS". Then these values are conveyed hack to the func- 
tion initiating the current one - to step 1. 

In step 1 it was noted that the contents of r[5] have to be shifted left, thus we 
get {159960, 159952] as possible contents of r[5] and the attribute 
"VALUE_AMBIGUOUS". 

Finally, we can describe the load operation: We have to add the address of 
$myvar and the possible values of r[5] and get the attributes: 

type=ARRAY 

value = { 160840, 160832] 

ambiguity = VALUE_AMBIGUOUS 

expression = "$myvar + ((40000 - { 10,12}) << 2)" 

The rtl is annotated with these attributes specifying the load operation; they 
will be accumulated with other attributes to compose the node attributes. 
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For formulating all this in an algorithm, we get - starting on a high, general level - the 
following actions to be performed: 

4. Evaluate the immediate operand and store its description 
("immediate_description"). 

5. Evaluate the register operand raddr and store its description 
("register_description"). 

6. Combine the two descriptions to determine the "variable_description" of the 
loaded variable. 

Ad 1.: 

The data needed for this evaluation are addresses of variables etc. which can be 
found in the symbol table. 

Ad 2.: 

This means determining recursively the contents of the register. The algorithm scans 
backwards until it finds an operation op with this register as destination register. This 
operation, e.g. an addition of two terms, can later be "enacted", if only its operands 
can be determined, in our example the two terms of the sum. If  one of these operands 
is an immediate, its value can be determined without further effort. Register oper- 
ands have to be traced back recursively in the same way. Finally, this tracing back 
will end at a point where: 

�9 Immediates are loaded (either directly as values or as symbolic addresses or 
using r[0]). 

�9 A value is loaded from memory. 

�9 A function parameter is used. 

�9 A function value is used (this includes external data e.g. input from a terminal). 

In cases where immediates are loaded, we can determine their actual values like in 1. 

For cases where a value is loaded from memory, we can trace it back similarly - at 
some point in the past this value must have been written to memory. However, wher- 
ever we find function calls on the backward analysis we can only continue if we can 
prove that the called function does not overwrite the memory contents at this specific 
address - or we have to analyze the called function (and any other function which 
may be called there) in the same way. A specific class of  problems will be encoun- 
tered with indirect memory accesses, e.g. when accesses via pointers or to arrays are 
performed. Accesses to arrays can be analyzed without much effort - just the start 
address and the lengths of the array's dimensions have to be retrieved. An access via 
pointer requires pointer analysis. The simple classes of pointer accesses can be ana- 
lyzed, however general pointer analysis is still an unsolved problem. 

For function parameters we have to analyze the function which called the current 
function in the same way as the analysis for the register is performed. 

A function value is the return value of a called function. That function's program 
graph can be analyzed forward, using the corresponding function parameters if we 



90 12 The Horizontal Instruction-Scheduler 

know them. However, there will be cases where the function values cannot be deter- 
mined, e.g. where we don't know in which nesting depth of recursively called func- 
tions we are currently or in cases where external values are used, e.g. from a 
keyboard. 

Ad3.: 

Combining the descriptions means determining the type and ambiguity of the vari- 
able according to the rules on pages 85 and 86. The variable's value is determined by 
enacting the rtls involved and the expression combines the operations of these rtls as 
strings, replacing the register names by their contents which were determined before 
(as in the example above). 

Algorithm 8: Memory-Access Analysis 

12.2.5 Data-Dependence Analysis 

While the scheduler reads the input file and builds the basic program-graph structure, 
two rtl-specific attributes are determined: the set of symbolic registers read by this rtl, 
and the set of symbolic registers written by this rtl. 

After memory-access analysis and before the splitting of data-dependent nodes starts, 
the rtls inside a node may be rearranged so that d_ata-dependent rtls are separated from 
each other and data-independent rtls are grouped together. Thus, the initial number of 
program-graph nodes is kept small and the time to perform global scheduling can be 
limited. The algorithm used for this rearrangement is a Gibbons-Muchnick algorithm 
of at most quadratic complexity, depending on the number of rtls per node (e.g. for the 
construction of a data-dependence graph); this is mostly faster than the time needed for 
global scheduling. More information about local scheduling can be found in [Schepers 
92a]. 

Read-Write Analysis 
After this local reordering, data-dependence analysis starts with a read-write analysis. 
For each program-graph node, the set of registers read as source operands by rtls inside 
the node is determined together with the set of registers written in the node. Similarly, 
for each function "foo" the sets of registers read and written inside the function are 
determined. For each call operation we have to determine the registers read and written 
by the called function, too. This cannot be performed in a simple loop, however. Con- 
sider a function "foo" which calls a function "fum" which itself calls a function "fy" 
(which itself contains no call operation): 

foo ~ fum ~ fy 

These read and write attributes of functions and nodes are determined iteratively. In 
the first iteration, only the read and write attributes of "fy" will be correct because "fy" 
has no call operation. When encountering the call operation to "fum" inside "foo", we 
will try to determine the read and write attributes of this call operation by adding the 
corresponding attributes of "fum" - but these are not determined yet! The same holds 
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for the call operation to "fy" inside function "fum". In another iteration we will start 
over again and take a look at the call operations; this time, the call to "fy" inside fum 
will get the correct value because the attributes of "fy" are correct now - they were 
determined during the first iteration. Thus, we get the correct sets for the attributes of 
the eall-rtl - and thus, for the node containing the rtl, too; this will be propagated to the 
read and write attributes of the function "rum", too. In the second iteration, the sets for 
"fum" were determined after the call operation of" foo"  to "fum" was processed; thus, 
we need another iteration to determine the read and write attributes for the function 
,,foo,,. 

This means, for getting interprocedural dam, we have to iterate the determination of 
the read and write attributes for rtls, nodes, and functions as long as there is any 
change in any of these attributes. Loops in the program graph will not cause problems 
because building the union of a set with itself (which is performed for a recursive call, 
i.e. a loop in the program graph) will not change the set. 

Algorithm for read_write analysis: 

�9 Set all non-leaf nodes (representing functions) in the call graph to "changed". 

�9 Loop while any change in the sets of registers read resp. written in a function occurs: 

�9 Loop: For each function "func" in the call graph, i.e. for each program graph: 

(This loop is performed in postorder so that func's successors, i.e. the functions 
called by func are processed before func). 

�9 Is any successor function of func marked as changed? 

yes: �9 read_writeanalysis (func ). 

�9 End loop across all functions in the program graph. 

�9 End loop (while any change occurs). 

read_write_analysis (foo): 

�9 Loop: For each node "node" in the function "foo" and each call-rtl "'rtl" in node: 

�9 Enlarge the set of registers read by rtl by adding the registers read by the function 
called by rtl; 

�9 Enlarge the sets of registers read resp. written in node by adding the sets of regis- 
ters read resp. written by rtl (i.e. also by the function called by rtl); 

�9 Enlarge the sets of registers read resp. written in "foo" by adding the sets of regis- 
ters read resp. written by node (i.e. also by the function called in node); if any of 
these sets changes, "foo" is marked as changed, otherwise as unchanged. 

�9 End loop (for each node). 

Algorithm 9: Read_Write Analysis 

After the read_write analysis, the nodes are split as first step towards creating the 
"real" program-graph nodes. Up to this point, the nodes contain basic blocks; in the 
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"real" program graph, all operations inside a node are processed concurrently, thus 
they must be independent. Therefore, our next task is to split the nodes so that only 
data-independent operations reside in each node. The scheduler's front-end is also 
used for local instruction-scheduling; for this purpose, the program-graph nodes will 
not be split. 

Splitting Dependent Nodes 

The splitting of nodes is performed by lirst, scanning all rtls "rtl" of each node N 
sequentially to determine if they are dependent on the rtls previously checked in the 
node. The dependences checked here are read_after_write, write after_read, and 
write_after_write dependences of registers and of memory addresses. The checking of 
memory-access dependences requires a memory-access analysis as described in sub- 
section 12.2.4. If we detect one of those dependences for rtl, the node N is split so that 
all operations scanned before remain in N, and rtl together with all unchecked rtls are 
inserted into a new node N'. 

Similarly, it is checked if there is more than one control-flow operation in N. Such con- 
trol-flow operations may be: (conditional and unconditional) branches, calls, 
system_calls, and return operations. Whenever it is detected during the scan that a sec- 
ond control-flow operation resides in the node, the node is split so that the control-flow 
operations are separated. The new node is inserted after the one which is currently 
checked, copying all attributes but adjusting the sets of register read and written in the 
node. All successors of N become now successors of N' while N gets N' as its only 
successor. The sets for registers read and written in functions may have to be adjusted 
when the corresponding sets of the nodes change. 

12.2.6 Inserting Representatives for Multicycle Operations 
As mentioned in subsection 12.2, we need to represent multicycle operations so that 
they can be scheduled the same way as single-cycle operations. The main reasons for 
introducing these kinds of representations are: 

�9 Most architectures have multicycle operations. 

�9 The multicycle operations need resources, e.g. processing elements, for more 
than one cycle and have to be scheduled so that no stalls occur. 

�9 Not representing multicycle representations is only viable for architectures and 
applications with a very low percentage of multicycle operations. Thus, gener- 
ally we will have to represent them. 

�9 The operations which may be processed in parallel to multicycle operations are 
constrained by dependences in the same way as with single-cycle operations. 

�9 A unique approach for dealing with all kinds of operations is desirable. 

�9 Resource usage, dependences, etc. should be expressed in the same way as for 
single-cycle operations because they represent the same kinds of constraints. 

For single-cycle operations, a program-graph node represents all operations which are 
issued and processed at a particular clock cycle. This means that each clock cycle of 
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program execution (outside loops) is represented by particular program-graph nodes. 
If we extend this characteristic then we need different program-graph nodes for each 
clock cycle a multicycle operation is being processed. This can be accomplished by 
representing a n-cycle operation by n representatives, one for each clock cycle it needs 
in the execution phase. All other phases of a pipeline are common to all operations and 
need not be considered individually. Thus, we have n rtls for a n-cycle operation, not 
just one. The (i+l)st representative must reside in a node which is a direct successor of 
the node containing the i-th representative. 

This means, we have to insert multicycle representatives for each cycle after the first 
one of the execution phase of a multicycle operation (the first one is already repre- 
sented). Figure 34 shows the insertion of such multicycle-reps (as they are called) for a 
two-cycle operation. 

No 

opk.i: 

N l the i-th cycle of 
the multicycle 
operation oPt 

OPm --% ... Opp . . . . . .  Opq 

Let opt e N l be a two-cycle operation: 
Change opt to opt. 1 for the first cycle in N 1 and insert representatives 
for the second cycle in N 1 's successors in distance 1 (i.e. in N 2, N3) 
Precondition: opt is data independent of Opm...OPn and Opp...Opq 

Figure34: Insertion of Multicycle-reps 

What properties should be given to these multicycle-reps, what values will the 
attributes assume in the program graph? Let's consider a n-cycle operation op: 

�9 If the representative of the i-th cycle resides in node N then all successor nodes 
of N will contain representatives of the (i+l)st cycle (compare figure 34). 

�9 If we want to insert a multicycle-rep for operation op into a node N and N con- 
rains already a multicycle-rep of op then this may have two reasons: 

i) We are inside a loop comprising less than n nodes. 

ii) There is a join point in the program graph with different numbers of nodes 
between the corresponding fork point and this join point, i.e. we have an 
asymmetric "diamond" structure (see figure 36). 
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Case i) is shown below in figure 35. Nodes N 1 and N 2 form a loop; in this loop 
we have the operation oPk which needs three cycles in its execution phase. The 
first cycle is represented in node N b the second one in node N2 and N3. We 
could place the third cycle o1~.3 in node Nb too, but this means that we have to 
process the third clock cycle of  operation oPk as part of the first iteration of this 
loop in the same clock cycle on the same processing element as the first clock 
cycle of OPk as part of the second iteration in this loop. However, this is usually 
not possible - only if the execution phases on the processing elements are pipe- 
lined themselves (an operation has to be processed completely on a single pro- 
eessing element, it cannot jump to another PE during processing). But even for 
such sophisticated processing elements, we have to place the third cycle of the 
execution of OPk in the last iteration somewhere so that it can be processed 
before the operations in node N 4 if these are dependent on oPk. 

f 
oPl ... oPk.1, oPle3? 

... OPn Opp ... 

N4 

Figure 35: Inserting Multicycle-reps in Loops 

Case ii) is shown in figure 36. In this case, we have a diamond structure, i.e. a 
fork node N 1 and a join node N 5 with two paths from N 1 to N 5 . In the example, 
there are different numbers of  nodes in the two paths. We assume a 4-cycle 
operation oPk. In figure 36 we have to insert oPk.3 into N 5 if we take the right 
path (N 1, N 3, Ns). If we lake the left path (N 1, N 2, N 4, Ns) then we have to 
insert OPk.4. As in case i) we have representatives of two different cycles of the 
same instruction in the same node. However, in this case the two representa- 
tives can never coincide - during program execution either the left path is taken 
or the right path, never both at the same time, even if the diamond structure is 
part of a loop (in this case, multicycle-reps are placed so that the complete dia- 
mond of one iteration will be completed before the diamond of the subsequent 
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iteration is started; see algorithm 10 on page 96). Thus, we allow the two 
multicycle_reps in the same node concurrently in this case - they will never be 
processed both at the same time and will thus never occupy the same resources 
concurrently. 

No 

~ P k . 2  Opq 

II 
k~ 

N3 

Figure 36: Inserting Multicycle-reps into a diamond structure 

�9 The dependences may be different for different multicycle operations, e.g. the 
destination register may be live until the last cycle for most multicycle opera- 
tions. However, for simplicity we assume that all dependence and liveness 
information is the same for all multicycle_reps of an operation. 

�9 The multicycle_reps of an operation are linked together so that they can be 
treated all together as a group; there is a link from the i-th multicycle-rep to all 
successors representing the (i+l)st multicycle-rep (shown as fat arrows in fig- 
ure 34). 

�9 In many processors we have some operations which need many cycles for exe- 
cution, e.g. for floating-point multiplication. It would be rather clumsy using 
separate nodes for each of e.g. 300 cycles of such an operation. Therefore, we 
introduce aggregate muhicycle-reps; they represent k cycles of a multicycle 
operation and occur only in nodes with no other rtls. They have to be consid- 
ered accordingly during scheduling, e.g. by expanding them step by step wher- 
ever necessary. 
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insert_mulficycle_reps (node, rtl): 

The ill "op" in node N has to be expanded by inserting multicycle, reps in node's suc- 
cessors; for a m-cycle operation we have to insert such multicycle._reps into each node 
in distance i from N with i -- 1 . . . . .  m-l;  the rtl in node N is transformed into a 
multicycle_rep representing the first execution cycle. 

�9 If N has no successors, a new node N' is inserted as N's successor with the same 
attributes as N. N' contains a multicycle_rep op' of op; for m > 2, either an aggre- 
gate multicycle_rep is used for op' or m-2 new nodes have to be inserted in the 
same way. 

�9 If N contains a call or return operation, the same is performed as above. The last 
node N'  inserted in this process gets the original successors of N now as its own 
successors. The call or return operation is removed from N and placed in the last 
node N'  inserted in this process. 

�9 Check all direct successors N s of N: 

�9 If there is a loop encompassing N and N s, i.e. if  there is a path from N s to N, 
new nodes N'  are inserted between N and N s as above, containing 
multicycle_ reps op'. The last of these inserted nodes N'  gets N s as successor 
now. 

�9 In all cases not considered so far, we try to insert the multicycle_rep op' into the 
node Ns: 
�9 Check if there are sufficient resources in Ns; if there are not, insert new nodes 

with multicycle_reps as above. 

�9 Otherwise, insert a copy op' of op in N s and recalculate the attributes of N s . 

�9 The whole process is repeated until all m-1 multicycle-reps are inserted. 

Algorithm 10: Insertion of Multicycle_reps 

12.2.7 Data-Flow Analysis 

After having performed all the work described so far in subsection 12.2 we have the 
application program now represented in program graphs, each rtl mapped to the corre- 
sponding machine operations, multicycle rtls represented accordingly, and depen- 
dences noted. However, there are still some attributes missing which are needed for 
scheduling. In def. 6 on page 39 we defined the off-live dependence which has to be 
checked for moving instructions across conditional branches. This liveness informa- 
tion has still to be determined, and this subsection provides the base for it. 

In our datattow analysis we define sets of symbolic registers and perform operations 
on these sets. All characteristics defined in this context refer to nodes in a program 
graph; they are partially derived from [Aho/Sethi/Ullman 88]. 

Similarly to the d~ta-flow analysis of symbolic registers, the data-flow analysis of 
symbolic variables is performed. This is necessary to move load and store operations 
across conditional-branch operations. While we apply interprocedural data-flow analy- 
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sis (beyond functions) for registers, only intraprocedural data-flow analysis (inside 
functions) is applied for symbolic variables. Performing this interprocedurally, too, 
would imply to perform a thorough alias analysis, especially for pointers. Pointers 
conveyed to functions via parameters can create sets of  aliases for symbolic variables 
and it is quite costly to find out which memory accesses refer to aliases of  a particular 
variable. Moreover, it is not possible to do this generally - chasing down pointer chains 
cannot be analyzed statically at compile time in many cases. However, there are not 
that many cases for which it is necessary to perform such an analysis. The cases where 
instruction scheduling is hampered by the fact that there is no interprocedural data- 
flow analysis for variables are: 

�9 Moving a specific load or store across a call operation. 

�9 Moving a call operation across such a load or store. 

�9 Moving such a specific load or store above a conditional branch with a call 
operation in the other branch. 

�9 Moving a call operation above a conditional branch with such a specific load or 
store in the other path. 

�9 Moving loads or stores for which the address to be accessed is determined out 
side the current function. 

The kind of memory accesses for which these restrictions apply are: 

�9 accesses to a global variable which is a pointer target 

�9 accesses via pointer to global variables 

�9 accesses via pointers which may be conveyed as function parameters. 

These restrictions are not that serious to justify the costly alias analysis and interproce- 
dural data-flow analysis for symbolic variables. However, in cases where an imple- 
mentation of such an alias analysis is available and efficient with respect to run time, it 
may be usefully applied. 

Def. 11: Live registers: 

A symbolic register r[i] is called live in a program-graph node N when it was 
defined in a predecessor node of N and is used in N or afterwards in a successor 
node of N. 

A symbolic register is "defined" when it is used as destination register of an operation. 
It is "used" when it appears as source register of an operation. The predecessor and 
successor nodes of N mentioned above need not be direct predecessors or successors. 

Def. 12: in(N) and out(N): 

The set of symbolic registers live at the point immediately before a node N is called 
in(N). The set of symbolic registers live immediately after N is called out(N). 
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Def. 13: def(N) and use(N): 

The set of symbolic registers defined in N, i.e. those appearing as destination oper- 
ands in N and not as source operands, is called def(N). The set of variables used in 
N, i.e. those appearing as source operands in N, is called use(N). 

In the previous definitions we assume that a symbolic register, read and written in the 
same node, is read before it is written; this is the intuitive usage anyway; in the state- 
ment 

r[i] = r[i] + 5 

first, the previous value of r[i] is read, then it is increased by 5, and then the new value 
is assigned to r[i]. 

Using all the definitions above and the set "successors(N)" as the set of all direct suc- 
cessor nodes of a node N, we get the standard data-flow equations: 

in(N) = use(N) u (out(N) - def(N)) (EQ 1) 

out(N) = U in(S) (EQ 2) 
S r successors(N) 

Data-flow analysis is mostly performed intraprocedurally, i.e. inside functions only. By 
restricting data-flow analysis to intraprocedural usage, we have borders for applica- 
tions of this information, i.e. borders across which we cannot move any operation. 
These borders are all operations which refer to other functions, i.e. the call and return 
statements. Thus, scheduling is restricted to regions between call and return opera- 
tions. This might be feasible for scientific code where not many call statements occur 
compared to other statements, however, in general-purpose code their portion is signif- 
icant. In [Hennessy/Patterson 90] the number of calls and returns together is reported 
as 8% on the 8086, using Turbo C, a macro assembler, and Lotus 1-2-3 as benchmark. 
This means that there are about 10 instructions between two calls or returns, thus we 
have to restrict scheduling to regions of 10 machine instructions only. For many appli- 
cations, mainly modern ones, using many small functions, the regions will be even 
smaller. Therefore, for global scheduling, it is necessary to perform data-flow analysis 
interprocedurally so that scheduling across call operations is possible. 

The first part of data-flow analysis for our purposes is read-write analysis. This has 
mainly been performed already, compare algorithm 9 on pages 91. We define for each 
rtl the sets rreads(rtl) and rwrites(rtl), and for each node N similar sets rreads(N) and 
rwrites(N) as shown there. For each function f we calculate similarly the sets rreads(f) 
and rwrites(f) of all symbolic registers read and written in f, according to the following 
data-flow equations: 

mi tes ( f )  = ~ (rwrites(N) u (rwrites(g)) for all functions g called in N 
N r  

(EQ 3) 
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rreads(f) = U (rreads(N) u (rreads(g))) for all functions g called in N (EQ 4) 
N ~ f  

We can now determine the standard sets for data-flow analysis: 

use(N) = rreads(N); (EQ 5) 

def(N) = rwrites(N) - rreads(N); (EQ 6) 

These equations are obvious for nodes without call instructions. But what happens 
with calls? We don't know in node N which registers will be used or written in a func- 
tion "foo" called in N. But beyond that - we don't know which path will be taken in 
"foo", because a register r[i] may be written in one path only and may not be used in 
another path through "foo". We thus cannot determine the sets use(N) and def(N) 
exactly - we have to make some estimates. These estimates must be conservative, we 
may assume more registers being live in a function as actually are, but choosing a non- 
conservative estimation may assume a register as being dead which is actually live; if 
we move an operation across a call with such a register we will change program 
semantics if this operation writes to that register. Thus, it is absolutely necessary to 
make conservative assumptions because instruction scheduling must not change pro- 
gram semantics. 

A conservative approach for the set use(f) of a function f called in node N is in(N), the 
set of registers live before N. A register in in(N) may be read on a single path through 
f only, however since we don't know which path through f will be taken, we have to 
assume that it is live in f. The set def(f) is harder to derive. 

The goal of all calculation here is to find the set of registers live in a node N, which is 
in(N); we make a conservative estimation which gives us a superset of in(N). Accord- 
ing to equation EQ 1 we have to determine the sets def(N) and out(N) in order to get 
in(N). A conservative estimation for def(N) has to keep this set small - looking at 
equation EQ 1 shows that we must only subtract those registers from out(N) which can 
definitely not be live; these are the registers which are written on each path through f. 
However, there may be some of these registers which are live at the exit of f - these 
must be excluded. Thus, we get the equation: 

def(f) = dead(f) n must_mod(f) (EQ 7) 

In this equation, must_mod(f) is the set of registers written on each path through f. 
This kind of analysis, the datasensitive mod-analysis, is described in [Callahan 88]. 

For determining the set mustmod(f)  we perform a must_mod analysis; we calculate 
the sets must_mod(N) for each node N in f. For this purpose we define: 

Def. 14: must_rood(N) 

A symbolic register r is in the set must_mod(N) of a program-graph node N if it is 
modified on each path from (the beginning of) node N to the function's end. 

We initialize must_mod(N) with rwrites(N); then it is extended by the following equa- 
tion: 
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mustmod(N)  = mustmod(N)  u ~ mustmod(s)  u mustmod09,  (EQ 8) 
s ~ successors(N) f ca l l ed  in N 

The set musLmod(f) is then the set musLmod(Nr) of the root node N r o f  function f. 

Next, we have to determine the set out(f). Here, we have information flowing from the 
caller to the callee (i.e. the called function), whereas above (in eq.ation EQ 8) we have 
information flowing from the callee back to the calling function. The variables live at 
the end of a function are just the variables live at the end of all nodes containing calls: 

out(f) = ~ ~ out(N) for all nodes N containing a "call09" (EQ 9) 
g cal l ingf  N 

Now, we have got all equations together and can summarize (the sets rreads(N), 
rwrites(N), rreads(f), and rwrites(f) have been determined before): 

Algorithm for Interprocedural Data-Flow Analysis: 

�9 Inifi_alize for each node N of each function f (in postorder, so that the successors of 
N are processed before N): 

use(N) = rreads(N); 

def(N) = rwrites(N) - rreads(N); 

in(N) = use(N) u (out(N) - def(N)); 

~ )  i n ( S ) ;  
out(N) = S E successors(N) 

mus tmod(N)  = rwrites(N); 

�9 Determine (like in equation EQ 8) in a loop across all functions in postorder (i.e. so 
that functions called by f are processed before f): 

must_rood(N) = mus tmodtN)  u ~ mustmod(s)  u must_rood(I), 

s r successors(N) fcal led  in N 

�9 Determine for each function f the set dead(f) as complement of 
live_regs_aLenlry(f) which is itself the set in(N r) for the root node N r of f: 

dead(f) = {all registers} - in(Nr); 

Enlarge the sets iteratively in a (postorder) loop across all functions f" 

def(N) = def(N) u ((dead(j) n mustmod(f ) )  - use(N)); 

use(N) = in(N); 

in(N) = use(N) u (out(N) - def(N)); 

Algorithm 11: Algorithm for Interprocedural Data-Flow Analysis 
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12 .2 .8  S t a n d a r d  O p t i m i z a t i o n s  

The code used for instruction scheduling should be optimized - it makes no sense opti- 
mizing performance using scheduling alone, scheduling redundant operations is not 
effective either. However, there are some interferences between standard compiler 
optimizations and instruction scheduling. 

A popular compiler optimization like common-subexpression elimination needs an 
additional register to hold the subexpression. Let's have a look at an example: 

x = 2 *  (a + b); 

y = a + b + c ;  

Here, the compiler will e.g. assign x to register r[5] and y to r[6]; the intermediate-code 
program with and without common-subexpression elimination (in the actual code, the 
multiplication will be represented as a shift operation) will then be: 

r[5] = a +  b; with common- r[7] = a+  b; 

r[5] = r[5] * 2; ~ r[5] = r[7] * 2; 
subexpression 

r[6] = a +  b; elimination r[6] = r[7] + c; 

r[6] = r[6] + c; 

Parallelized with 2 PEs: 

without CSE: with CSE: 

/r[5] = a + b; T r[6l = a + b; -1 r" -1- I I r[7] = a + b; I 
Ir [5]=r[5]*2;  I r [6 ]=r[6]+c;I  Ir [5 ]=r[7 ]*2;  I 
L - L  J L _L 

r[6] = r[7] + c;I 

Figure 37: Interference of Scheduling with Standard Optimizations 

In both cases we need two cycles on two PEs, however with common-subexpression 
elimination we need an additional register - a scarce resource taking into account that 
scheduling increases register life-time and, thus, the number of registers live concur- 
rently. A good register allocator may in some cases eliminate the need for an additional 
register - but e.g. not in the one above (unless we use three cycles instead of two). Gen- 
erally, in the presence of several PEs we have the opportunity to compute such expres- 
sions anew in parallel to other computations. Thus, common-subexpression 
elimination will not often provide significant optimization if combined with instruc- 
tion scheduling. 

There are some more interferences between standard compiler optimizations and 
instruction scheduling. Loop-invariant motion may show the same kinds of interfer- 
ences with instruction scheduling as common-subexpression elimination, and loop 



102 12 The Horizontal Instruction-Scheduler 

unrolling may interfere with a specific loop unrolling combined with instruction 
scheduling (compare e.g. [Ebeioglu/Nakatani 89]). 

There are also optimizations which interfere in positive direction with instruction 
scheduling, e.g. dead-code elimination, where the number of operations to schedule is 
reduced. Another of these optimizations is function inlining - having the code of a 

called function copied into the calling function provides us with all data intraprocedur- 
ally now and we can get more information in our analyses for supporting scheduling. 
This correlation gives us the place where function inlining has to be performed: before 
data-dependence and data-flow analysis so that we can determine the dependences and 
liveness information! 
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12.3 The Scheduler's Central Part 

The scheduler's front-end delivers a program graph for each function of the applica- 
tim program to the central part. All information which can be gathered about the pro- 
gram is added as aUributes to the program graph - to its nodes, the rtls inside the nodes, 
and to graphs (i.e. functions) as a whole. In the central part the program graph is trans- 
formed by instruction scheduling so that the program's run time is decreased by 
increasing the fine-grain parallelism. Figure 38 shows the main tasks performed in the 
central part: 

[ o wl 
r 

Centra l  Part  

Loop ParaUelization 

Partitioning the program into regions 

Percolation scheduling core transformations 
Algorithms to control the application of the 
Percolation Scheduling core transformations 

Moving operations out of functions 
Resource management for PEs, registers, 
busses, caches, memory banks, etc. 

Program 

Figure 38: The Scheduler's Central Part 

The subsections of 12.3 present all the activities performed in the scheduler's central 
part as shown in figure 38. These are mostly transformations on the program graph 
using all the information gathered in the scheduler's front-end. 

Subsection 12.3.1 describes the methods for loop paraUelization, belonging to the 
higher levels of Percolation Scheduling. Subsection 12.3.2 shows how a function's 
program graph is split into regions inside which scheduling can be performed without 
affecting application-program semantics. 

Subsection 12.3.3 presents extended versions of Percolation Scheduling's core trans- 
formations, e.g. for capturing multicycle operations. Subsection 12.3.4 presents a new 
structure of the levels of percolation scheduling. Subsection 12.3.5 describes new 
scheduling-control tactics which determine from where, how far, and to where opera- 
tions are moved by applying the extended core transformations. Subsection 12.3.6 
shows scheduling-control strategies, another one of these new levels of Percolation 
Scheduling. They determine the sequences of nodes on which the scheduling-control 
tactics and core transformations are applied. 

Subsection 12.3.7 describes how operations can be moved from one region to another 
one and from one function to another. Finally, subsection 12.3.8 presents some hints 
for resource management, a topic which has been neglected so far in most research on 
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fine-grain parallelism. A systematic approach for resource management, including 
methods and algorithms, is presented in section 13. 

12.3.1 L o o p  Para l l e l i za f ion  

The central part starts with parallelizing the coarse- or medium-grain structures, 
mainly loops. Methods like loop unrolling, Software Pipelining or Perfect Pipelining 
may be applied here (see subsection 8.5). Several problems have to be considered: 

�9 Loop unrolling (which is also used in the other methods) is only efficient ff reg- 
ister renaming is applied; however, for high unrolling factors, an extreme 
amount of registers might be used and register allocation will need to insert 
many statements of spill code (code for moving data between registers and 
memory). This, in turn, may decrease performance considerably. 

�9 Unrolling loops with jumps will cause the creation of many copies of these 
jumps during compaction; copies of other instructions will be created, too, and 
lead to code explosion if that is not prevented by corresponding mechanisms in 
the scheduling-control level of Percolation Scheduling. 

�9 Unrolling without a fusion of common parts like in Perfect Pipelining will 
increase code size and lead to higher cache-miss rates and more page misses; a 
trade-off has to be made to determine an optimal (or near optimal) unrolling 
factor. 

�9 Register renaming combined with Perfect Pipelining can decrease performance 
considerably in certain cases, while it may increase performance otherwise. In 
figure 27 on page 57 the copy statements 0 = i' and i = i") had to be inserted. If 
they cannot be moved outside the loop they will decrease performance. Perfect 
Pipelining tries to create small loop bodies with a high number of iterations, 
while loop unrolling creates loop bodies with a small number of iterations each; 
thus, in the former case, the significance of an inserted statement w.r.t, perfor- 
mance is a lot higher than in the latter. 

More about these problems can be found in [Lieb192]. 

12.3.2 Partitioning the Program Graph into Regions 
Instruction Scheduling is performed inside regions of the program graphs. There are 
particular borders which must not be exce~ed for scheduling, e.g. at loops. Using the 
standard scheduling mechanisms along back edges of loops might move an operation 
from one loop iteration to another iteration and thus change program semantics (note 
that the iteration index is different). All loop scheduling is performed in a previous 
phase, anyway, according to subsection 12.3.1. The program graphs under consider- 
ation here have the loops already unrolled and parallelized as far as possible. 

Thus, regions must not extend beyond loop boundaries. There is another construct in 
the program graph which prevents scheduling, namely irreducibility. This is defined 
below according to [Aho/Sethi/Ullman 88]: 
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Def. 15: Reducible Graphs, Forward Edges, Back Edges 
A program graph is called reducible if and only if its edges can be partitioned into 
two disjoint subsets, called forward edges and back edges, with the properties: 

The forward edges form an acyclic graph in which every node can be reached from 
the top node. 

The back edges {e I e = M --4 N, with nodes M, N] have the property that the 
"head" N dominates the "tail" M (see def. 9 on page 49 and def. 10 on page 78). 

Loops are characterized by their back edges. The nodes on the path(s) from the head of 
a back edge to its tail represent the loop body and the back edge itself represents the 
transition to a new iteration of the loop. 

h) 

Figure 39: a) Program Graph with Loop, b) Irreducible Program-Graph 

In figure 39a) the nodes N1, N2, N3, and N4 form a loop with (N4 ---> N1) as back 
edge; all other edges are forward edges. In b) the edges N2 ---> N3 and N3 ---> N2 are no 
back edges and the graph consisting of nodes {N1, N2, N3 } is cyclic and not reducible. 

Scheduling in a irreducible program-graph may change program semantics. Thus, 
regions have to be reducible parts of program graphs. 

A simple, however a bit strict algorithm was used to determine the regions so that each 
loop is in a separate region and that regions consist of irreducible graphs. 

Splitting a Program Graph into Regions: 

We determine a set R of regions, represented by their header nodes: R = {H 1 ..... I-In}. 
Each header node is linked to the other nodes in its region, building sets R I ..... R n. 
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�9 Insert the program graph's root node Nr as first node in the set of region headers 
and into the first region: 

R = {N r} and R 1 = {Nr). 

�9 Loop across all regions Ri: 
�9 Take the region's last node N and loop across all successor nodes S of N: 

�9 Are all predecessors of S elements of this region7 

yes: �9 Add S to the region as its last node: R i = R i u {S }; 

no: �9 Add S to end of the list of region headers: R = R u {S }. 

�9 {S} becomes a new region. 

The loop is continued until all nodes of the program graph are assigned to regions. 

Algorithm 12: Splitting a Program Graph into Regions 

This algorithm splits each program graph into disjoint regions so that each node 
belongs to one region. The regions need not be connected, however. With a more 
sophisticated algorithm we might get bigger regions, however algorithms for moving 
operations between regions and functions may be more helpful (and easier to develop) 
for achieving higher parallelism in the instruction schedule. 

12.3.3 Extended Percolation Scheduling - Core Transformations 

The algorithms for the Percolation Scheduling core transformations have been 
extended for the actual needs of the scheduler. For reference see figure 22 in subsec- 
tion 8.4.1.1. 

12.3.3.1 Standard Core Transformations 

The move_op core-transformation has been extended to comprise the unification of the 
operation op to be moved with copies of op, too. Below there is a general description 
of the extended move_op core transformation. Other changes have beeh added, we try 
e.g. to move an operation to as many predecessors as possible in one transformation. 
For predecessors requiring the creation of a copy node, only one single copy node is 
made and all these predecessors are linked to that single copy node. Both measures 
limit the code increase due to scheduling and the number of nodes to be allocated. Fig- 
ure 40 shows the effects of the algorithm. 

In this move_op core transformation, we try like in algorithm 2 on page 51 to move an 
operation op'i from a node N to a preceding node M in the program graph. Copies of 
oP'i may reside in M or in any "neighbour node" of N, i.e. successors of M like N 3 in 
figure 40. There will be an off-live dependence between op' i and M w.r.t, these oPkS in 
cases where destination and source registers in op' i are the same. To delete nodes in 
this algorithm, the delete core transformation is used which checks if the node N is 
empty and deletes it in that case, relinking the predecessors and successors. The addi- 
tions to algorithm 2 on page 51 are marked by printing them in italics. 
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f N2 ~ ( N2 I 
\ "  \ r "  

N' 

Figure 40: Move_op, Extended Version 

Move_op Core-Transformation: 

�9 Is there any (including off-live) dependence between op'  i and M? 

yes: . I s  there a copy opk of  op' i in M? 

yes: �9 Remove opkfrom M; if  M is empty, delete it and exit. 

no: ~ Are all these dependences off-live dependences and is there a copy opt 
o f  op' i in all successors N3 of  M (N3 ~ N)? 

yes: �9 Remove all copies of  op' i in M's direct successors (e.g. N3) 
except N and delete empty successors of  M. 

no: �9 no move possible; exit. 

�9 Insert op '  i in M and add all corresponding attributes. 

�9 Has N any other predecessor besides M (like N2 in figure 40)? 

yes: �9 Try to move op'i to all these predecessors in the same way as it is moved to M. 
I f  this is not possible, make a copy N '  of  node N, including all attributes and 
edges, unless such a copy has been made before. 

�9 Relink all edges from node(s) N2 where op' i cannot be inserted to N '  instead 
of N. 

�9 Delete operation op'  i from node N. 

�9 Recompute data-dependence and liveness information for all nodes where changes 
occurred. 

Algorithm 13: Move_op Core-Transformation, Extended Version 
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The move_op core-transformation has been extended to include the unification of cop- 
ies of the same operation; similarly, the delete core-transformation is applied for nodes 
an rtl was removed from. This saves considerable execution time compared to separate 
runs through the program graph. 

For moving conditional branches, the program-graph nodes themselves have to be 
structured internally. So far, all operations (rtls) inside a program-graph node form an 
unstructured set; they belong to this node because they are all executed in the same 
cycle, this is their only common characteristic. Now let's take a look at figure 41: 

N4 N5 N6 N7 

~oo- 
N5 N6 

a) b) c) 

Figure 41: Conditional Trees 

Nodes N2 and N3 are successors of node NI; node N2 is only executed if the condi- 
tional jump cjl in N1 evaluates to FALSE (i.e. the left successor), while node N3 is 
executed ff cj evaluates to TRUE (right successor). We assume that the left successor 
of a conditional branch is always the FALSE-successor and the right successor is taken 
if the condition evaluates to TRUE. Now let's assume that the conditional branches cj2 
and cj3 in nodes N2 and N3 in part a) can be moved to node N1 which has then 4 suc- 
cessors; in our example nodes N2 and N3 can be deleted (see part b) of figure 41). Suc- 
cessor node Ni, i = 4 ..... 7, is then only executed ff particular condition codes evaluate 
to particular values: 

N4 is only executed if: cj 1 = FALSE and c j2 = FALSE 

N5 is only executed if: cj 1 = FALSE and cj2 ffi TRUE 

N6 is only executed if: cjl = TRUE and cj3 = FALSE 

N7 is only executed if: cjl = TRUE and cj3 = TRUE. 

Thus, we get the precedence relation indicated by part c) of this figure: cjl precedes 
cj2 which needs only be executed if cj 1 evaluates to FALSE, and cj3 comes after cjl in 
case cjl evaluates to TRUE. This graph is the "cond_trce" associated with node N1. 
This precedence relation of the conditional branches of a program-graph node is just a 
logical precedence, not a temporal one - all operations inside a node are executed in 
parallel in the same clock cycle. 
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The non-branch operations are actually related to the cond_tree; if an operation op is 
moved from node N4 to N1 then it needs only be executed if e l  evaluates to FALSE; 
this fact will become important i fc j l  is moved higher up in the program graph - in this 
case op needs not be copied in the path from cj 1 to cj3. However, in the following we 
will not associate non-branch operations with the cond-tree. This will be interesting 
mainly in the context of  speculative execution where it is necessary to perform this 
association. 

The second core transformation, move_cj is shown in figure 23 on page 51. The algo- 
rithm below shows how it can be realized and combined with the unification of copies 
ofcj .  

Move_cj Core-Transformation: 

�9 Does cj read a variable which is written by an operation in M? 

yes: �9 no move possible; exiL 

no: �9 Build a copy Nf of N and delete cj and its "TRUE" subtree T t in Nf. 

�9 Build a copy N t of N and delete cj and its "FALSE" subtree Tf in N t. 

�9 Has N another predecessor besides M? 

yes: �9 Create a copy of N (if that copy has not been created before) and link all 
predecessors except M to that. 

�9 Delete the edge from M to N and delete N. 

�9 Does M contain a copy cj' of cj? 

no: �9 Insert cj in M at the bottom of M's conditional tree where the successor 
link to N was before. 

�9 Insert an edge from cj in M to Nf (the "FALSE"-edge) if Nf is not empty. 

�9 Insert an edge from cj in M to N t (the "TRUE"-edge) if N t is not empty. 

�9 Update all dependence and liveness information in nodes where changes 
occurred. 

Algorithm 14: Movecj Core-Transformation, Extended Version 

There is no need for a separate unify core-transformation - it is part of  move_op and 
move_cj now. Whenever an operation op or conditional jump cj is moved, it is unified 
with its copies if there are any in the destination node or in other successors of the des- 
tination node. 

The algorithm for the "delete" core-transformation, shown in figure 25 on page 54, is 
quite simple: 
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Delete Core-Transformation: 

We want to delete a node N in the program graph. 

�9 Is N empty? 

yes: �9 Remove all links to N and update them to finks to N's successor (since N con- 
rains no conditional-branch operation it can have at most one successor); 

�9 Delete N. 

Algorithm 15: Delete Core-Transformation 

12.3.3.2 Core Transformations for Muiticycle Operations 

In the following, extensions to Percolation Scheduling for supporting multicycle oper- 
ations (see subsection 12.2.6) are described. The main characteristics of multicycle 
operations and their representations, the multicyclereps (see figure 34, 35, and 36 on 
page 95), in the program graph are: 

�9 Each cycle of the execution phase of a multicycle operation is represented by 
one multicycle._rep. 

�9 If a node N contains the multicycle._rep for the i-the cycle of a n-cycle opera- 
tion o13 (n > i) then each successor node of N contains the multieycle_rep for 
the (i+l)st cycle of o13. 

�9 All multicycle_reps carry the same data-dependence and liveness information. 

�9 All multicycle_reps carry the same resource usage information. 

�9 All multicycle_reps of an operation are linked. 

�9 There are aggregate multicycle_reps representing more than one cycle; these 
are used for limiting program-graph size. They will not be considered below. 

For moving multicycle_reps we can make use of some useful characteristics which can 
be derived from figure 42. 

The multicycle operation OPk in figure 42 needs 4 cycles (compare figure 36). If we 
want to move OPk one level higher, we will move oPk. 1 into node N 0, oPk.2 into node 
N1, oPk.3 into nodes N 2 and N 3, oPk.4 into nodes N 4 and N5 (the latter for the path via 
node N3). Thus, the graph in part a) is transformed to the graph in part b) of figure 42. 
This figure helps to derive the properties of multicycle_reps for moving an operation 
OPk: 

The node receiving the first multicycle_op (OPk.1 in node N O in part b) of the 
figure) has to be checked for dependences, liveness, and resources as in 
move_op. 

For moving the other multicycle_reps, in all other cases there is already a 
multicycle_rep in the node (e.g. N 1 hosts OPk.1 before the move); when the 
move is performed, the multicycle rep currently in the node is replaced by the 
multicycle_reps for oI~ in the successor nodes.However, those have the same 
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dependence, liveness, and resource usage; thus, all these characteristics need 
not be checked (except for the node N O above which contains no 
multicycle_rep before the move). 

No ~ No 

[1 ~ N1 

N2 ~ ~ N 3  N2 ~ ~.~...~3 

84 
oPkA 

N5 

a) 

N5 

N6 

r 
b) 

Figure 42: Moving muiticycleops 

�9 The last node, N5 in the example, will contain no multicycle_rep any more 
after the move; thus, dependence, liveness, and resource usage information will 
have to be updated in N 5. Node N 5 has also to be checked for deletion - it is the 
only one which may become empty by the move. 

All these properties help moving multicycle_reps. Figure 43 and algorithm 14 describe 
the transformation: 

In figure 43, op.1 residing in N shall be moved to node M; op.2 will thus be moved to 
N, and op. 1 in node N 4 will be unified with op.1 in M, while op.2 is moved from N 5 to 
N4. 



112 12 The Horizontal Instruction Scheduler 

1,T ,,~ [ ~" 'NIN1 

'PAl { ) N2~,.~' "~,N3' / 

S 1 $2 S 1 S 2 

Precondit ions:  

- o13.1 can be moved to M (no dependences or resource conflicts) 
- oi).2 can be inserted into N 6 (no dependences or resource conflicts) 

Figure 43: Move_mul t i cyc l e_op  Core -Trans format ion  

Move _m u l t i cyc l e_op  Core-Trans format ion:  

The operation op is a multicycle operation running n cycles, represented by the 
multicycle_reps opA ... op.n; the first multicycle_rep op.1 resides in node N. The oper- 
ation op is to be moved so that op.1 will reside in M, a predecessor of N. Unification of 
copies is included in the algorithm. 

�9 Is there any (including off-live) dependence between op.1 and M? 

yes: �9 Is there a copy op ' . l  of op.1 in M? 

yes: �9 Remove op' . l  from M; if M is empty, delete it, relink its predecessors 
and successors and exit. 

no: �9 Are all these dependences off-live dependences and are they due to a 
copy op k. 1 of op.1 in all these successors N4 of M (N4 ~ N)? 

no" �9 No move possible; exit. 

�9 Make a list L of all these successors N4 of M containing a copy of op. 1. 

�9 Are there sufficient resources for op.i in M and all successors of M (except N) and 
their successors in distance 1 ..... n-2? 

no: �9 No move possible; exit. 

�9 Insert op.1 in M and add all corresponding attributes. 
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�9 Has N any other predecessor besides M (like N1 in figure 43)? 

yes: �9 Try to move op.1 to all these predecessors in the same way as it is moved to 
M. I f  this is not possible, make a copy N '  of  node N and all its successors con- 
taining the other multicycle_reps of op, including all attributes and edges, 
unless such a copy has been made before. 

�9 Relink all edges from node(s) N2 where o13.1 cannot be inserted to N '  instead 
of  N. 

�9 Add N to the list L (all nodes in L are successors of  M containing copies of op. 1). 

�9 For each node K in L and their successor nodes in distance i for i = 1 ..... n-2: 

�9 These nodes contain op.(i+l); change op.(i+l) to op.(i+2), the (i+2)nd multicy- 
cle-representative. 

�9 For each node K in L: 

�9 Delete op.n in all successor nodes in distance (n-l). Delete empty nodes. 

�9 Recompute data-dependence and liveness information for all nodes where changes 
occurred. 

Algorithm 16: Move_multicycle_op Core-Transformation 

In some architectures, conditional branches (just the branches without comparisons) 
may require more than one clock cycle to execute. In these cases we need a core trans- 
formation to move such multicycle operations: move_multicycle_cj. Figure 44 
describes the transformation. 

We want to move a conditional branch operation cj which needs more than one cycle 
to execute; in figure 44 we assume two cycles. We have a node N where the first cycle 
of cj resides; this multicycle_op is to be moved to N's predecessor M. The last 
multicycle_op of cj resides in node P. It is the one where control flow is affected, 
where the actual branch to two possible successors occurs, one connected via the 
FALSE-edge and the other via the TRUE-edge. The algorithm is quite similar to 
move_c j: 
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This is a cj-tree whose Bodes ( . )  are conditional jumps and 
the edges point to program-graph nodes with operations 
being executed if the branch condition evaluates to FALSE 
resp. to TRUE. 

Figure 44: Movemulticycle_cj 

Move_multicyclecj Core Transformation: 

�9 Does cj read a variable which is written by an operation in M? 

yes: �9 no move possible; exit. 

�9 Are there sufficient resources for op.i in M and all successors of M (except N) and 
their successors in distance 1 ..... n-2? 

no: �9 No move possible; exit. 

�9 Is there a copy cj'.i (the i-th cycle) of cj.1 in M? 

yes: �9 Has N other predecessors besides M? 

yes: �9 Try to move cj.1 to these predecessors without further considering M, 
in the same way as here described for the move to M; exit. 

no: ~ Delete all cj.i (for i = 2 ..... n) connected as multicycle_reps to cj.1 and 
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delete cj. 1. 

�9 Delete empty nodes. Exit. 

�9 Has N other predecessors beside M? 

yes: �9 Try to move cj. 1 to these predecessors in the same way as described for M. 

�9 Are there any of these predecessors where cj.1 cannot be moved? 

yes: �9 Make a copy ofaU nodes containing cj.i for i=l ..... n, i.e. N and the sub- 
tree headed by N. 

�9 Relink all these predecessors to the copy of N (N1 in figure 44) instead 
of N. 

�9 Insert cj. 1 into M at the bottom of M's conditional Iree where the successor link to N 
was before. 

�9 For each successor K of M which contains cj. 1 or a copy of it and all successors of  
these nodes K in distance i for i -- 1 ..... n-2: 

�9 Change cj.(i+l) to cj.(i+2). 

�9 Build a copy Pf o f P  (P is N's  successor in distance n-1 containing cj.n) and delete cj 
and its "TRUE" subtree T t in Pf. 

�9 Build a copy Pt of P and delete cj and its "FALSE" subtree Tf in Pt- 

�9 Q is P's predecessor on the path from N to P. Link all predecessors of P except Q to 
both, Pf and It.  

�9 Delete the edge from Q to P and delete P. 

�9 Insert an edge from cj.n in Q to Pf (the "FALSE"-edge) if Pf is not empty. 

�9 Insert an edge from cj.n in Q to Pt (the "TRUE"-edge) if Pt is not empty. 

�9 Update all dependence and liveness information in nodes where changes occurred. 

Algorithm 17: Move_multicycle_cj Core-Transformation 

12.3 .4  E x t e n d e d  P e r c o l a t i o n  S c h e d u l i n g  - S t r u c t u r e  

In the original definition of Percolation Scheduling in [Nicolau 85] �9 a structure of six 
layers is proposed. However, only layer 0 with the core transformations, is described 
there in detail. These transformations are methods to move an operation from one node 
to a preceding node, maintaining program semantics. However, this is just the base for 
the IIansformations we want to perform. The sequence of operations considered for 
moving has an influence on the performance achieved by these movements as the 
example: in figure 45 shows. 

Assume that we can move both, the operation from node N3 to node N2 in figure 45, 
as well as the operation from node N4 to node N2. If  we move the operation from node 
N3 then no operation from the fight subtre~ of N writing to r5 can be moved in or 
above node N2. I f  we move the operation from N4 to N2 then we cannot move opera- 
tions from its left successor path writing to r7 in or above node N2. This may have a 
significant influence on performance - one subtre~ of N2 may e.g. be very small and 



the other one very high, with many candidates to move, using e.g. register r7 as first in 
a chain of operations. 

N1 
~ =  r l =  .... ....... 

N2 

N3 
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Figure 45: The sequence of Operations to Move 

In [Ebcioglu/Nicolau 89] this problem is taclded in a general way. For each node N in 
the program graph, the set unifiable_ops(N) is determined, containing all operations 
which can be moved from any other node to N. A cost function representing the per- 
formance increase by the move is applied to determine which operations will be 
moved into N. This yields an optimum, however it is quite costly to determine and 
update the set unitiable_ops(N) and not practicable for realistic programs. 

Thus, for optimizing program run time with Percolation Scheduling, we have to deter- 
mine in which sequence the transformations are applied. The main items to specify for 
an actual application of Percolation Scheduling are: 

�9 Determine in each program graph the sequence of nodes for the application of 
the core transformations. 

�9 Determine in each program graph the sequence of operations to be considered 
for application of the core transformations. 

�9 These sequences may be determined statically or may be determined dynami- 
cally during the transformation process. 

The upper levels of Percolation Scheduling are redefined here to get suitable strategies 
for determining the above sequences. The following definition presents a new version 
of Percolation Scheduling: 



12.3 The Scheduler's Central Part 117 

Def. 16: Percolation Scheduling 

Percolation Scheduling is a set of methods for program transformation, smJctured 
in levels: 

�9 Level 0: This level of PS comprises a set of core transformations for moving 
operations between adjacent nodes, for deleting nodes, and for merging 
operations; the core transformations are described in subsections 8.4.1, 
12.3.3.1, and 12.3.3.2. 

�9 Level 1: Comprises control tactics specifying how the core transformations are 
applied to a set of operations or nodes inside a window around a node 
N specified by a control strategy (level 2). 

�9 Level 2: Comprises control strategies determining the sequence of nodes or 
operations to which the core transformations are applied using particu- 
lar control tactics from level 1. 

�9 Level 3: The higher levels of Percolation Scheduling, level 3 upwards, com- 
prise methods for higher-level constructs, e.g. methods for loop trans- 
formations described in subsection 8.5. 

These levels are applied in a top-down sequence, i.e. first the high-level transforma- 
tions like software pipelining are applied. Then, for each program graph, control strat- 
egies of level 2 determine the sequence of nodes and operations to which the core 
transformations are applied. After this, the control tactics determine how the core 
transformations are applied, which are then finally executed. The following subsec- 
tions describe the upper layers (> 0) of Percolation Scheduling. 

12.3.5  E x t e n d e d  Perco la t ion  S c h e d u l i n g  - C o n t r o l  T a c t i c s  

The control-tactics level (level 1) of Percolation Scheduling determines 

�9 how far an operation is moved 

�9 from which node to which node the operations are moved. 

The application of the core transformations is performed inside a window for reasons 
of complexity. There are two ways to apply control tactics, either node oriented or 
operation oriented. 

12.3.5.1 Node-Oriented Tactics  

Two kinds of node-oriented tactics were developed: pull_n and push_n. These tactics 
take a node N and try either to fill N with operations from below N or they try to move 
all operations out of N to predecessors. 

The node-oriented tactics consider nodes as sources or destinations of moves. The 
node N where control tactics will be applied has been determined in the strategy level. 
Now, the tactics level has to determine which operations will be moved into N or out 
of N. Both tactics, pull_n and push_n, actually comprise sets of tactics. 
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Figure 46: Pull n with Window Size 2 Push n with Window Size 2 

Pul l  n: 

First, puU_n determines the set of  all nodes in a distance up to n in the program graph's 
subtree rooted by N (see figure 46). Only operations from this subtree will be moved 
into N. This distance "n" is the "window" for applying the tactics. The window size 
may be determined statically or it may be changed dynamically. Several ways may be 
used to determine the operations to be moved into N: 

1. Optimum Moves 

�9 Determine the set of all operations inside the window which may be moved to N. 

�9 Determine for each of these operations the value of a cost function. 

�9 The cost function may e.g. be the average execution time, assuming the corre- 
sponding operation is moved into N. 

�9 Choose those operations with optimum cost-function values and move them into 
N; their number is restricted by N's  resources. 

2. Top-down Moves 

�9 Loop until all resources in N are exhausted: 

�9 Loop for level = 1 ..... n (i.e. start with N's successors): 

�9 Loop for all nodes N'  in window at distance "level" from N: 

�9 l o o p  for all operations op in N':  

�9 Apply move_op "level" times to move op from N'  to its predeces- 
sor, and so on, up to N. 

3. Bottom-up Moves 

The same as top-down moves, but starting at the bottom of the window; i.e. the sec- 
ond loop of the algorithm is now: 

�9 Loop for level = n ..... 1, (-1): 

The rest is the same as in 2. 

4. Minimum Copy Code 

�9 Like 2. or 3., but choose the source so that the number of copy nodes is minimum. 
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5. Combined Moves  

�9 Check for each operation op in the window ff a node can be deleted by moving op 
into N. If  there is such an op, perform the move and delete the node. 

�9 Repeat the above until no more node can be deleted. 

�9 Perform one of the other methods for the other moves. 

Algorithm 18: Pull_n Control Tactics 

Many other tactics are possible and can be developed accordingly. 

Push n: 

First, push_n determines the set of all nodes in a distance up to n in the program 
graph's subgraph with N as leaf, i.e. it takes N, then N's  predecessors (on distance 1), 
then their predecessors (distance 2), and so on, up to distance n (see figure 46). Then, it 
tries to move all operations from N into one of the other nodes of  the subgraph. Several 
ways may be used to determine the targets for moving operations from N: 

1. Optimum Moves 

�9 Determine for each operation op in N the target nodes N'  where it may be moved. 

�9 Determine for each such move the value of a cost function. 

�9 The cost function may e.g. be the average execution time, assuming the corre- 
sponding operation is moved into N' .  

�9 Determine for each operation op in N which can be moved its destination node so 
that the cost function is optimum. 

2. Moving Far 

�9 Choose the next operation op in N randomly. 

�9 Move op as highly up in the window as possible by applying move_op repeatedly. 

3. Moving Near 

�9 Choose the next operation op in N randomly. 

�9 Move op to upwards to the first node where it can be inserted. 

4. Minimum Copy Code 

�9 Like 2. or 3., but choose the destination so that the number of copy nodes is mini- 
mum. 

5. Combined Moves 

�9 The above methods may be combined. 

Algorithm 19: Push_n Control Tactics 

While data dependences have to be checked between op and each node on its way up, 
resource constraints have to be checked only between op and its destination node. In 
this manner, operations can be passed even through nodes with insufficient resources. 
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Pull_.n is a suitable tactics to consider resource consWaints while tilling nodes with 
operations. Push._n aims at emptying nodes. Thus, it reduces compiler runtime by 
early deletion of nodes. 

12.3.5.2 O p e r a t i o n - O r i e n t e d  Tactics 

Operation-oriented tactics take an operation and try to move it. We start with an opera- 
tion op in a node N. The following figure shows the three tactics move to all..preds, 
migrate_within_trace, and migrate: 

Figure 47: move_toall_preds migrate_within_trace migrate 

Move_toali_preds: 

�9 Determine the window as above as the set of  all nodes preceding N in a distance up 
ton.  

�9 l o o p  for i = 1 ..... level: 

�9 Can op be moved to all nodes on this level? 

yes: �9 Move op to all nodes on this level; exit loop. 

�9 End loop "for i -- 1 ..... level". 

Algorithm 20: Move to all_preds Control Tactics 

The application of this tactics prevents the creation of copy code; however, moves are 
only performed if an operation can be moved to all predecessors. 

Migrate_within_trace: 

�9 Determine the window as above, as the set of all nodes preceding N in a distance up 
ton.  

�9 Determine a trace from the node N to the top of the window, e.g. as: 

�9 longest path from N to the top of the window 

�9 most probable path from N to the top of the window 

�9 path of  nodes containing the longest chain of  data-dependent operations. 
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�9 Move op upmost in the window along the chosen trace. 

Algorithm 21: Migrate_within_trace Control Tactics 

Migrate: 

Similar to move_.to_all_preds, this strategy tries to move an operation upmost in the 
window on each path. Thus, in the algorithm for move to_all_.preds just the upper and 
lower bounds of the loop and the loop exit have to be changed. 

12.3.5.3 Which Tactics for what Application? 

The conlrol-tactics level gives the opportunity to taylor scheduling methods to pro- 
gram characteristics. There are some general examples: 

�9 For scientific or similar code with "regular" behaviour the node-oriented tactics 
can be applied, pull_n if resources are scarce in the machine architecture, 
push_n otherwise. 

�9 In small regions with loops optimum_move should be applied. 

�9 Otherwise, combined_moves might be best, however, only if there are no 
scarce resources. 

�9 In case of long chains of data-dependent operations top_down resp. move_near 
are the best methods; they allow to move the whole chains by starting with the 
topmost of these chained instructions inside the window, allowing to move the 
other operations in the chain one by one. 

�9 For applications which are not very regular, we may get a lot of copy code 
when core transformations are applied; thus, the operation-oriented tactics 
where the creation of copy code can be prevented or limited are preferable. 

�9 In applications where many alternative traces through the program exist, 
migrate_within_trace can be applied if probabilities for the alternatives can be 
determined. 

12.3.5.4 Control Tactics for Specific Code Patterns 

There are particular patterns in the code of application programs which occur quite fre- 
quently and for which specific tactics can be developed. Such patterns may e.g. cause 
unnecessary copy code when the standard methods are used or prevent transformations 
unnecessarily by resource constraints. 

Figure 48 shows a "diamond" structure in a program graph. Such a structure is very 
common in programs - it represents an if-then-else construct in a high level language 
where the "if-statement" resides in node N1. The statements in the "else" path are e.g. 
in the left successor node, N2, and the statements in the "then" path are in the right 
successor nodes, N3 and N4. The next statement after the if-then-else construct, where 
the two paths rejoin, resides in node N5. Now let's apply a core la'ansformation to an 
operation op in N5. When we move op to N2 then we get a copy node N5' of N5 as 
successor of N4; moving op to N4 instead will lead to a copy node N5', too, as succes- 
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sor of N2. Similarly, we will get copy nodes N2' when moving op out of N2 (because 
N2 has more than 1 predecessor), N4' when moving op to N3 (because N4 has more 
than 1 predecessor), and finally a N3'. We can rejoin op from both successor paths of 
N1 when we move i t  to N1, but the copy nodes remain. These copy nodes increase 
code size and thus miss-rates in caches which leads finally to lower performance. 
There are some more problems occurring with this frequent code structure: when mov- 
ing op upwards in both paths (via N2 and N4), it might get stuck somewhere. This 
might occur e.g. if there are not sufficient resources in N3 to move op there; in this 
case we get one copy of op in N2 and one in N4. Both consume resources, e.g. a PE, 
register, busses, etc. These resources are wasted in cases where we can move o13 to N1 
- where the two copies in the both paths from N5 up to N1 could be rejoined. 

P1 1"2 

/ 

Figure 48: Code Patterns: A Diamond Structure 

An "intelligent", dedicated transformation for diamond structures would move op 
directly from N5 to N1, checking dependences on both paths upwards, but without 
checking any resources. Using this transformation would thus save at least the 
resources for the copy of op and the copy node N5'. 

This transformation can be implemented by using a special parameter which allows to 
use core transformations with and without application of resource management. Con- 
trol tactics may be applied which detect diamond patterns and apply the core transfor- 
mations so that operations are always moved from the bottom of a diamond structure 
to the top without checking resources in between. The number of copy nodes has to be 
con~olled accordingly. 

Another structure which deserves some attention is shown in figure 49. 

This program-graph structure looks like a stair; such a pattern is created by a sequence 
of if-then-statements. Of course there are also more general kinds of these stairs, e.g. 
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with several nodes in certain steps. The stair is just like the diamonds above a code 
structure occurring frequently. 

N1 

N2 

N3 

N4 

N5 

N6 

N7 

Figure 49: Code Patterns: Stair Structure 

When moving an operation upwards from the bottom of the stair we get copy nodes at 
each node with more than one predecessor, i.e. N3, N5, N7. Similarly, unification of 
operations may be blocked by scarce resources. 

This means that resources are wasted for copies of the operation. The creation of copy 
nodes and wasting of resources due to copies of operations which cannot be rejoined 
can be prevented if we move the operation from the bottom of the stairs to its top in 
one step. Control tactics for this purpose have to identify stair structures in the pro- 
gram graph and apply the core transformations without creating copy nodes and with- 
out allocating resources in the nodes between the source node where the operation 
resides and the target node. 

There are frequent structures like stairs and diamonds for which dedicated control tac- 
tics may gain performance. Such structares can be identified by analyzing a variety of 
program graphs of application programs. 

12.3.5.5 Control Tactics Considering Resources 

So far, consideration of resources has not been described. Resources are all those parts 
of the system architecture which are used for processing an application, e.g. processing 
elements, registers, memory locations, busses, pages, page table entries, etc. For 
resources like busses and caches, scheduling can decrease waiting time. 
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Consider a load operation which in case of a cache hit may take two cycles in which 
the busses are utilized. During these two cycles no other load or store operation can be 
processed which uses the same bus or cache module. A cache miss may have a latency 
of 30 clock cycles. Either we get an exception, anyway, so that the processor has to 
wait after the cache miss until the requested dam arrive from memory, or the processor 
can proceed until the requested data are needed. In the latter case no other load or store 
operation must use the same cache or memory module during these 30 cycles; simi- 
larly, the busses between these modules must not be used concurrently to the transmis- 
sion of these data. 

Several control tactics can be developed for considering caches and busses to caches, 
assuming "t" clock cycles for a cache hit: 

�9 In the case of set-associative caches: move loads/stores using the same cache 
set as far apart as possible; similarly, in the case of direct-mapped caches. 

�9 Move loads/stores using the same bus to their cache module(s) at least "t" 
nodes apart. 

�9 In cases where it can be determined statically that a cache miss will occur, 
move the operation causing the miss and the next load/store using the same 
cache module or bus or memory bank as far apart as possible. 

Misses in the TLB (translation lookaside buffer) can be considered similarly. Other 
resources like physical registers can also be efficiently considered by control tactics. 

12.3.6 Extended Percolation Scheduling - Control Strategies 

Control strategies determine the sequence of nodes considered for application of con- 
trol tactics. Such strategies are e.g.: 

Top-down strategy: 

The nodes in a region are ordered by a depth-first search and processed top-down. 

Bottom-up strategy: 

Nodes are processed bottom-up. The bottom nodes are determined as nodes whose 
successors are not in the same region or are already visited in the current phase or 
nodes which are reachable only via back edges. Such bottom nodes can be determined 
by a depth-first search. 

Path-oriented strategy: 

The region is separated into sequences of critical paths. Such a critical path may be 
determined as: 

�9 The longest path in the region. 

�9 The path of nodes with (presumably) high execution frequencies. 

�9 The path comprising the longest chain of data-dependent operations in the 
region. 
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12.3.7 Moving Operations out of Regions and Functions 
Scheduling is so far restricted to regions, i.e. operations may ~ be moved inside 
these regions and not beyond their boundaries. However, it may be useful to consider 
moves across these boundaries, too. The main reasons for region boundaries are: 

�9 loops 

�9 loop-like structures caused by "goto" statements 

�9 irreducible subgraphs 

�9 the stricmess of the algorithm for determining the regions (see section 12.3.2) 

�9 function boundaries. 

Loops should only be processed with loop-specific methods as presented in section 
8.5. Analyzing loops once more at this place and trying to find some more possibilities 
for moves is a very high effort offering little reward. The second reason for these 
boundaries, loop-like structures caused by goto statements, will better be analyzed in 
the scheduler's front-end and treated like loops. Various kinds of code patterns can be 
created by making use of many goto statements, and these are hard to be categorized 
for finding general scheduling methods. The patterns which can be recognized as 
forming loops are those which can be treated best using the loop-scheduling methods. 

Irreducible flow-graphs need thorough analysis to be treated accordingly; in many 
cases semantic analysis may be necessary. This is left for further research. 

The strict algorithm from section 12.3.2, however, can be enhanced so that we get less 
regions as shown in figure 50. 

( i!!!!!iiiiiiiiiiiiii 

Figure 50: Program-Graph Regions 



126 12 The Horizontal Instruction Scheduler 

Our algorithm separates the program graph into the regions: { 1, 9, 10}, {2, 7, 8}, {3, 
4}, {5}, {6}. The nodes 3 and 4 have to be in a of their own because they form a sepa- 
rate loop; similarly, the nodes 2, 5, 7, and 8 must not be part of the set { 1, 9, 10] 
because they are part of the loop with header 2. The nodes 5 and 6 form regions of a 
single node each - this is not necessary and prevents unnecessarily moving operations 
from node 6 to 10 and 5. The above figure shows that tail nodes of outer loops (node 5 
above) will not be part of the loops' regions, neither inner nor outer ones when nodes 
from the inner and outer loop (i.e. from different regions) arc predecessors. We can add 
these tail nodes to the outer loop's region and enhance our chances for moving opera- 
tions. The method to achieve this is not too hard: 

We have to determine that such a node (e.g. node 5 above) is not part of an irreducible 
subgraph and that it belongs to an outer loop. Both conditions can be checked using 
algorithms from [Aho/Sethi/UUman 88]. Similarly, node 6 in figure 50 can be added to 
the region { 1, 9, 10}. This can be accomplished in the same way as before by consider- 
ing the region with the program graph's root node as outer loop. Thus, we get the 
regions: 

{1,9, 10, 6}, {2,7, 8,5}, {3,4]. 

Moving operations out of functions can be useful in several cases. For relatively small 
functions which are called from not too many other functions, inlining will be the best 
way to increase chances of scheduling (see section 12.2.8); thus, all information about 
this function will be intraprocedurally and can be gained more efficiently. For other 
functions, moving an operation from the called function into the calling function is 
only feasible in eases where we have sufficient resources available in the nodes of the 
caller. Thus, the conditions for such moves of operations "op" out of a function "foo" 
to the callers are: 

�9 a small number of places from where foo is called 

�9 sufficient resources for op in these places 

�9 few operations in foo's root node (after scheduling inside foo) which may all be 
moved out of lo t  so that the root node can be deleted. 

In most programs there will not be many cases fulfilling these conditions. However, 
there is an additional case not considered yet. So far all registers used in the program 
are symbolic registers. In the scheduler's (resp. compiler's) back-end these symbolic 
registers have to be mapped to physical registers. Registers are a scarce resource and 
for realistic application programs there will be less physical registers than synlbolic 
registers available. Register allocation performs this mapping to physical registers; it 
works on the program graphs, too, and registers are thus allocated inside functions. 
The situation between different functions is illustrated in figure 51 below. 

We assume a situation where physical registers are already allocated in each function. 
The function "fy" calls "foo" and after the call operation, the physical registers r[5], 
r[8], r[10], and r[12] are live, i.e. they were set before and will be read after the call 
(the return register of "foo" is not used here). Similarly, function "fum" calls "foo" and 
after the call, registers r[6], r[9], r[10], and r[12] are live. The function "foo" uses sev- 
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eral physical registers, too: r[5], r[9], r [ l l ] ,  and r[12]. Thus, functions "fy" and "fum" 
will not find the expected values in their registers r[5], r[9], and r[12] after the return 
from "foo", but the values set by "foo". 

. m  ! 

I l i v e  = i | u s e - -  ! I I i , live = I i I 
, {r[5], r[8], r[10], r[12]}, , {r[5], r[9], r[11], r[12] }, ' {r[6], r[9], r[10], r[12] }, 
I I I I ! I 
l I t _l i I 

Figure 51: Saving Registers at Function Calls 

Therefore, we have to restore after the return from "foo" the values which were in the 
registers before the call. There are two strategies for saving and restoring these regis- 

c a l l e r  s a v e :  

the calling functions ("fy" and "fum") save the registers before the call to "foo" 
and restore them after the return; the registers to be saved are those which are 
live after the call. 

�9 c a U e e  s a v e :  

the called function, "foo", saves the registers it uses right at its beginning and 
restores them at the end, before the return operations in "foo". 

In case of the caller-save strategy, too many registers are saved and restored - these are 
the registers which are live after the call operation (in "fy" or "fum") but not used in 
the called function, in the above figure these are r[8], r[10] in "fy" and r[6], r[10] in 
"fum". These operations could be removed by an optimizer in the register allocator. In 
the case of a callee-save strategy there are also redundant loads and stores; these are 
those for registers used in "foo" but not live in any of the functions calling "foo" after 
the call operation. In the figure above this is r[ l l ] .  

By moving the store operations of callee-saves to the calling functions ("fy" and 
"fum") we can eliminate also stores which are only partially redundant, e.g. the "store 
r[9]" moved to "fy" can be removed while it cannot be removed in "fum". Thus, we 
can try to move all callee-saves to the calling functions, eliminating as many as possi- 
ble, and delete the node with these callee-saves in "foo". By moving the stores to the 
calling functions we get the chance to move them higher up in those functions, consid- 
ering busy busses, cache hits, etc. there. 

ters: 
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A function performing such moves of operations out of functions has to be applied 
after register allocation, i.e. in the back-end. 

12.3.8 Resource Managemen t  

So far, resources have only been considered by the control tactics in section 12.3.5.5. 
Resources are all those parts of the system architecture which are used for processing a 
specific apphcation, e.g. processing elements, registers, memory locations, busses, 
pages, page table enlries, etc. There are two major ways for considering resources: 

1. Consider resources during each transformation. 

Whenever we move an operation into another node, we have to check first ff there 
are sufficient resources, i.e. the PEs to process it, the busses for loads and stores, 
the caches and memory banks, etc. Moves cannot be performed ff there are not suf- 
ficient resources in the destination node. 

2. Consider resources only after scheduling. 

All scheduling is performed as ff there were infinite resources; thus, we get a high 
parallelization. However, after scheduling we have to check each program-graph 
node for resource shortage. For nodes with insufficient resources we have to per- 
fc~m a rescheduling. 

Case 1. is very time consuming; in many cases the time consumption can be intolera- 
bly high. It also may prevent scheduling an operation from a node to a preceding node 
at  a distance greater one ff in any intermediate node the lack of resources prevents fur- 
filer moves. 

Case 2. creates highly parallelizecl schedules, however resources may be overutilized 
in particular nodes. In these nodes we have to perform a rescheduling. However, if we 
perform rescheduling according to i) or ii) we will get the same problems as before and 
may find ourselves in a vicious circle. The solution chosen was to perform reschedul- 
ing inside a window around the particular node. If there are not sufficient resources in 
this window then new nodes will have to be inserted (e.g. for moving a register's con- 
tent to memory so that the register can be used for another purpose and moving the 
earlier content in again afterwards) - causing additional execution time and perfor- 
mance degradation! 

Systematic resource management is presented in section 13. A thorough description, 
theoretical foundation, and practical application can be found in [KarlR 93]. 
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12.4 The Scheduler's  Back-End 

The scheduler's back-end performs essentially the same tasks as a compiler back-end. 
However, some of these tasks are different from those of a standard compiler, and 
there are some additional tasks to perform. The back-end gets program graphs for each 
function as input; it performs all actions to derive the load program's object-code rep- 
resentation and provides the object file as load file for the simulator. Figure 52 shows 
the back-end's main tasks: 

I Program [ . 
?raPh I �9 

Back-End 

Register allocation 

Rescheduling inside a window for resource 
shortage and spill code 

Assignment of operations to PEs 

Replacement of branch targets and symbolic 
addresses by physical addresses 

Very-long instruction-word generation 
Provision of debug information 

Writing symbol table, object program, and 
debug information to a load file for the VLIW 
simulator 

[ Simlator I 

Figure 52: The Scheduler's Back-End 

12.4 .1  Reg i s t er  A l l o c a t i o n  

Register allocation is a special kind of resource management; it is treated here separate 
from general resource allocation because various algorithms for register allocation 
exist which can well be adapted to architectures with fine-grain parallelism. In RISC 
processors only load and store operations access memory while the other operations' 
operands are located in registers. In CISC architectures many operations may get their 
operands from memory. Accesses to registers are in most architectures faster than 
accesses to cache memory, at least faster than accesses to secondary cache or memory 
(in cases of cache misses). Therefore, system performance is increased when the num- 
ber of memory accesses in a program is minimized by using registers efficiently. This 
is the task of register allocation. It is usually more effective on RISC processors 
because they have considerably more registers than CISC processors. 

Register allocation maps symbolic to physical registers; this is a well-known technique 
for compilers. Most of the current methods used for register allocation were developed 
in the context of RISC processors. The performance features of these architectures can 
be utilized best by application programs if a good register allocation limits the number 
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of memory accesses by keeping as many variables as possible inside registers. The 
main global (i.e. beyond basic block boundaries) register-allocation algorithms are 
described in [Briggs et al 89], [Chaitin 82], [Chow 88], [Chow/Hennessy 84], [Chow/ 
Hennessy 90], [Gupta/Soffa/Steele 89], [Proebsting/Fischer 92], [Ran 92], [Santha- 
nam/Odnert 90], [Sweany/Beaty 90], and [Wall 86]. 

For three-address architectures we need at least three general-purpose registers, two 
for the source operands and one for the destination operand (if the destination register 
is not always the same as one of the source registers). In case of fine-grain parallelism 
on an architecture using n processing elements with three-address operations we need 
at least n + 2 general-purpose registers (in the minimum case, all operations access the 
same source registers but write to different destination registers). 

Register allocation considers particular program units for allocation; these are: 

�9 basic blocks: local register allocation 

�9 functions: intraprocedural register allocation 

�9 compile modules: interprocedural register allocation 

�9 program: link-time register allocation. 

It is shown below how a classical intraprocedural register-allocation method can be 
adopted for fine-grain parallel architectures, the graph coloring method of Chaitin, 
described in [Chaitin 82]. For understanding the algorithm we need some definitions: 

Def. 17: Live Range 
A symbolic register's live range is a subgraph of the program graph, starting with 
the register's definition (i.e. where it is used as destination operand) and ending 
with its last usage (as source operand) before a redefinition. 

Def. 18: Interference Graph 
The nodes of an interference graph represent symbolic registers; there is an edge 
between two nodes if the registers' live ranges overlap, i.e. ff the corresponding 
subgraphs are not disjoint. 

Def. 19: Node Degree 
A node of a graph has the degree d ff it is linked to d "neighbour nodes". 

In Chaitin's algorithm we may consider each live range as separate symbolic register, 
in accordance with register renaming (see section 12.2.3). In cases where we have not 
sufficient physical registers available we have to use a single physical register for sev- 
eral symbofic registers inside their live ranges. Consider a physical register p assigned 
to symbolic register r[i] at a particular place in the program; r[i] has been defined 
(written) before and will be used (read) later. Let's assume, the succeeding operation's 
symbolic destination register r[j] needs a physical register - and there is none available. 
In such a case we write the contents of p to memory, use p for the symbolic register 
r[j], and reload p's earlier contents before the symbolic register r[i] is used as source 
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register again. The code for storing and reloading these register contents is called spill 
code. Below, Chaitin's register-ailocation algorithm is described: 

Register Allocation: 

1. Repeat until the whole graph of the function f can be colored: 

1.1 Build the interference graph. 

1.2 Reduce the interference graph. 

1.3 Is the interference graph reduced, i.e. empty7 

no: �9 Insert spiUcode. 

�9 Update the live ranges of f. 

2. Color the graph, i.e. assign physical registers. 

Ad 1.1: Building the interference graph of a function f means: 

�9 Determine the live ranges in f (e.g. using def-use-chains, see [Aho/Sethi/Ullman 
88]) and create a node for each live range. 

�9 For each node N: 

�9 Create nodes N'  representing live ranges overlapping with N. 

�9 Create an edge between N and N'. 

Ad 1.2: Reducing the interference graph means: 

�9 Remove each node N from the interference graph with less neighbors than physical 
registers available (i.e. its degree is less than the number of physical registers). 

�9 Push N onto the stack S. 

�9 Repeat this until no more node can be removed. 

Ad 1,3: Inserting spillcode means: 

�9 Use cost functions to determine the register to be spilled; a series of such cost func- 
tions have been proposed in the literature, see e.g. [Bemstein et al 89]. 

�9 Insert store operations at the appropriate places, i.e. in the range between the last 
usage or definition of the old variable and before the new definition for the new 
symbolic variable. 

�9 Insert load operations at the appropriate places, i.e. in the range between the last 
usage of the new symbolic variable and the next usage of the old symbolic variable. 

Ad 1.3: Updating live ranges means: 

�9 Determine the def-use chains according to [Aho/Sethi/Ullman 88] for all live 
ranges changed. 

Algorithm 22: Register Allocation via Graph Coloring 
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There are particular differences between constraints on registers for sequential proces- 
sors and for architectures with fine-grain parallelism. The minimum number of physi- 
cal registers is higher and we must allow concurrent access while keeping program 
semantics, i.e. considering dependences. 

Another problem area concerns spill code. Let's assume a physical register p is allo- 
cated to a symbolic register r[i] and shall be reused in a certain range for symbolic reg- 
ister r[j]. Conventionally, this means that we insert a "store r[i]" operation after the last 
definition of r[i] before this range and a "load r[i]" operation before the first reuse after 
the range. In case of fine-grain parallelism we have now more than one operation per 
node. Two cases can happen here which are not possible for sequential architectures: 

�9 the operation with the (last) definition of r[i] and reuse of r[i] are in subsequent 
nodes 

�9 the reuse of r[i] and the definition of r[.j] reside in the same nodes. 

Figure 53 below shows such a case where spilling does not solve the problem: 

rl  r2 r3 r3 r4 

3 ~ store r3 ' 
J 

;_ l_o r3_ ' 4 .j 

, ('-g: 
~ 4 =  ) 

b c 
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Interference graph 
before inserting spill 
code 

Interference graph after 
inserting spill code 

Figure 53: Problems with Spill-Code Insertion 



12.4 The Scheduler's Back-End 133 

In figure 53 we assume that we have three physical registers available for the symbolic 
registers (live ranges) r l ,  r2, r3, and r4; Chaitin's algorithm determines the places to 
insert the spill code - however, we still have four live ranges active at the same time in 
node 2. This problem will be just the same in cases with n (> 3) physical registers 
available and n+ 1 statements in the pattern shown above - in all these cases we cannot 
assign physical registers to symbolic registers because we can't find places where to 
insert the spill code. The reason is that several statements are executed in parallel 
which need the registers at the same time. There is no way to assign the registers con- 
ventionally. 

We can solve this kind of problems by splitting the corresponding program-graph 
nodes. Figure shows the problem in the example from figure 53 solved by splitting 
node 2 into the new nodes 2 and 3; thus, the interference graph can be reduced and we 
don't even need spill code. However, this method may cost performance - splitting a 
node into two means needing an additional cycle execution time. In this example we 
even don't decrease performance because the node splitting saves the insertion of spill 
code. 
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Figure 54: Solution of the Spill-Code Problem 

Considering a node's operations, splitting this node can be guided by the rule that 
operations starting more live ranges than ending them should be moved into the upper 
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node (node 2 in figure ) and operations causing not more live ranges to end than to 
begin should be moved into the lower node, node 3 in the example. Thus, the goal of 
node splitting here is live-range reduction. 

The adoption of Chaitin's register-allocation algorithm to line-grain parallel architec- 
tures is described in [Baumann 93]. 

12.4.2 Interactions Between Register Allocation and Instruction 
Scheduling 

One of the principal problems in compiler optimizations and other program transfor- 
mations is to determine the sequence of optimizations because most of them interact. 
The combined application of two optimizations can increase or decrease program per- 
formance, depending on the sequence of their appfication. For some opfimizafions, the 
optimum sequence can be determined because they interact in a unique way. An exam- 
ple for this are dead-code elimination and parallelization. Having dead code in the pro- 
gram occupies resources; eliminating this code before scheduling will provide more 
resources for paraUelization. 

Similarly, we have interactions between register allocation and instruction scheduling. 
What shall be performed first, register allocation or scheduling? Performing register 
allocation first will introduce artificial dependences, all the write-after-read and write- 
after-write dependences when a register is loaded with a new value. Register renaming 
tries to get rid of these dependences - see section 12.2.3. In this case here we get many 
new artificial dependences due to the limited number of registers. A lot of potential 
performance can not be used because these dependences limit scheduling. In architec- 
tures with few physical registers this may destroy all effects of scheduling for 
increased performance. 

What happens if we perform scheduling first, before register allocation? Scheduling 
increases the distance between dependent instructions so that they will not be pro- 
cessed in parallel. Thus, we get more symbolic registers live concurrently - and this 
means that we need more physical registers, and thus more register spilling. This spill 
code has to be processed in addition to the other program cede and may cost additional 
performance. We have to fit the store and load operations for spilling into the program 
graphs; in some cases there may be sufficient place in the (not fully utilized) nodes, but 
sometimes we will have to insert new nodes which costs performance. Actually, the 
creation of this spill code requires another phase of instruction scheduling. Addition- 
ally, this new phase of instruction scheduling will require another phase of register 
allocation, and so on. 

A practicable solution to this problem is to perform instruction scheduling first, after 
register allocation, and afterwards a special scheduling for the spill code in a small 
environment inside the specific area of the program graph where the spill code has to 
be placed. Such a "limited scheduling" will first try to find sufficient resources in the 
node where the spill code has to be placed or in neighbors of these nodes. Only if no 
such resources in existing program-graph nodes can be found, a new node will be ere- 
ated for the spill code. 
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However, there is a third possibility; we can try to integrate scheduling and register 
allocation. For local scheduling and local register-allocation such a method was pro- 
posed in [Bradlee et a191]. Schedule costs, i.e. the execution time for a scheduling unit 
(basic block or, in our case, a program graph) have to be estimated as well as spill 
costs. These costs are balanced iteratively in order to find a register limit, a number of 
symbolic registers live concurrently, so that the schedule costs are low. However, this 
method is quite costly w.r.t, execution time. The comparisons in [Bradlee et al 91] 
show that the performance gain is small compared to a method performing register 
allocation after scheduling. 

Another way is to consider the needs of register allocation during scheduling in the 
control tactics and strategy layers (see 12.3.5 and 12.3.6). To consider diamond struc- 
tures and stairs (see section 12.3.5.4) reduces the amount of copy nodes and thus the 
number of register live ranges active concurrently. Thus, the number of physical regis- 
ters needed is reduced. When operations are selected for scheduling we can choose 
them so that the number of concurrent live ranges is reduced. In node-oriented tactics 
we can choose nodes with many active live ranges first. This will reduce spill code fur- 
ther. Thus, the most effective method will be: 

�9 Perform instruction scheduling first. 

�9 Consider register allocation during scheduling in the control tactics and strategy 
layers. 

�9 Perform register allocation after scheduling. 

�9 Perform a limited scheduling for spill code afterwards. 

12.4.3 Rescheduling 
The interactions between several kinds of code transformations may lead to significant 
performance degradation of the compiling/scheduling process or even to infinite 
sequences of actions. The same problems as with interactions between register alloca- 
tion and scheduling presented in the previous section may occur for other program 
transformations, too. Such transformations are e.g. those for resource management as 
described in section 13. 

The previous section showed that from the perspective of register allocation the 
sequence 

instruction scheduling ~ register allocation ~ limited rescheduling 

will offer the best relation between achieved performance and scheduling cost. But 
how can this rescheduling be performed? Let's have a look at an example in figure 55. 

In this figure, symbolic register r3 is used several times, first it is written in node N1, 
then read several times, including nodes N2 and N5. Between N2 and N3 register r3 is 
not used. In node N3, symbolic register r4 is written and read afterwards, between N3 
and N4. Between N4 and N5, neither of the two symbolic registers is used. We assume 
that our register allocator maps both symbolic registers to the same physical register r. 
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Figure 55: Spill Code and Rescheduling 

Now, where to put the spill code7 The register allocation algorithms have relatively 
simple methods for determining this place. But we will take a closer look at the con- 
Slraints for its determination. 

The store for register r3 has to occur somewhere between N1 and N3, i.e. between the 
beginning of the both live ranges, excluding the ends N1 and N3. The reload of r3 has 
to occur somewhere between N4 and N5, i.e. between the ends of the live ranges, 
excluding the end nodes N4 and N5. 

This rule is quite simple. However, we have to consider paths entering the linear node 
sequence {N1, N2, N3, N4, N5} from the outside, like the one from node M1. Obvi- 
ously, r3 must be written in M1 or one of its predecessors because it is read in N2. This 
value of r3 must be retained, too, thus the store operation has to be inserted after the 
enlry point from M1 (unless N1 is a predecessor of M1 and r3 is not written between 
N1 and M1). There is a certain point P1 in our linear node sequence, not after N2, 
where the last entry point of such a M1 may occur. Between P1 and N3 is the place 
where to insert the store operation for r3. 

The next case to check is an entry like the one from node M2, occurring between N2 
and N3. Register r3 is live in M2, like in M1. Here, we either have to move the point 
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P1 below this entry point, to P2, or we have to insert spill code in that path, too, using 
the same method as here. A register allocator will place the store for r3 immediately 
before N3 in a node N3' and redirect all predecessors of N3 to N3'. 

Now we consider the case of an enn'y between N3 and N4, like from node M3 above. 
Like in the other cases, r3 has to be live on this path. We don't have to care about this 
path if N1 is the only predecessor of M3 where r3 is written (the same holds for the 
previous cases). Otherwise, we have to insert a store operation for r3 in the path from 
M3, using the same method as before. 

Finally, we have to consider the case of an entry between N4 and N5, like from M4 in 
figure 55. Like in all these cases, r3 has to be live on this path. We can determine a 
point P3 where the first entry to the sequence occurs where r3 is live but not written. 
Between N4 and P3 is the place where to put the reload operation. A register allocator 
will usually put the reload immediately after N4. 

Now we are ready to determine an algorithm for rescheduling and spill code place- 
ment; we use the same naming as in the example above, i.e. registers r3 and r4 are to 
be mapped to the same physical register r and our task is to find the place where to 
insert spill code. Generally, we can determine the places as: 

�9 The store operation is inserted in a node between P1 and N3 with sufficient 
resources. If there is a node like M2, we will try to insert a store operation in the 
path from M2; if that is not possible, P1 is set to P2 for the insertion of the store 
operation. If there are not sufficient resources left, we have to create a new node 
N' as immediate predecessor of N3 containing the store operation. We may 
apply Percolation Scheduling then to the nodes between N' and N5, trying to 
move as many operations as possible to N' in order to delete a node between N' 
and N5. 

�9 The load operation is inserted uppermost between N4 and P3 if there are suffi- 
cient resources. In case there are not, a new node N' is inserted as successor of 
N4, containing the load operation. We may apply Percolation Scheduling then 
to the nodes between N' and N5, trying to move as many operations as possible 
to N' in order to delete a node between N' and N5. 

Algorithm 23: Spill-Code Placement 

12.4.4 Assignment of Operations to PEs 

Each operation has to be processed by a particular processing element. This consWaint 
can easily be kept in case of single-cycle independent operations. However, for multi- 
cycle operations one specific PE has to be reserved for all cycles of such an operation. 
Figure 56 shows some of the problems connected with the assignment of PEs. 

In this example we have to assign several multicycle operations opb o132, oP3 to pro- 
cessing elements so that an operation stays on the same functional unit during all its 
execution cycles. For two processing elements a valid assignment is oPl on PE1, op2 
on PE 2, and oP3 on PE 1. Generally, we have to consider a particular environment of a 



node N for PE assignment (the closure of the set of nodes containing multicycle opera- 
tions with representations in N). Local assignment of operations in N 5, for instance, 
may map oP2 to PEI, yielding a conflict in N4 where oPl has been assigned to PE1, too. 

PE 1 PF_,2 PE 1 

Nl 
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Figure 56: PE Assignment 

The problem of assigning multicycle operations to functional units is similar to the 
register assignment problem, and can thus be solved by graph coloring. For our prob- 
lem the nodes of the interference graph are the multicycle operations and the colors are 
the PEs. Similarly, a multicycle operation with all its representatives corresponds to a 
variable's live range. If no coloring is possible, new program-graph nodes have to be 
inserted containing multicycle representations which caused conflicts. 

Similar problems occur for dependent operations. In the MIPS instruction set, multi- 
plication operations write the result into specific registers and with another machine 
operation these results are moved to a general-purpose register. These specific registers 
(HI and LO) exist once in each PE. Thus, we have to execute the multiplication and the 
move operation on the same PE and have to take care that dependences are considered, 
i.e. that such a register is not overwritten by another multiplication before the previous 
result is moved to a general-purpose register. The problem is solved in the same way as 
the mapping of multicycle operations to PEs. 

This kind of PE assignment is straight-forward and heuristic. A more systematic 
approach to PE assignment is presented in section 13.4. 

12.4.5 Instruction-Word Generation 

For VLIW architectures we have to map the machine operations to very long instruc- 
tion words. Each program-graph node is mapped to one instruction word. An operation 
assigned to the first PE is mapped to the first field in the instruction word, an operation 
assigned to the second PE is mapped to the second field, etc. Fields of the instruction 
word remaining empty are filled with "noops", operations performing no action. 
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For other kinds of architectures, mainly superscalar ones, the operations are written in 
sequences, keeping the operations from the program-graph nodes together. 

So far, no jumps occur in the code - they are represented by edges in the program graph 
and the operations have to be inserted in the back end. Doing this earlier means updat- 
ing jumps during scheduling - and that would be a lot more costly than inserting them 
here. The problem whel~ to insert jumps is shown in the following figure: 

N 1 

jump IV 4 . . j ~ ~  

Figure 57: Jump Operations 

In figure 57, a sequence of VLIWs may be N1, N2, N3, N 4 where N 1 contains a branch 
operation (with fall-through node N 2 if the branch condition evaluates to FALSE or a 
branch to N 3 if the evaluation delivers TRUE). So, the instruction word generated 
from N 2 must contain a "jump N4". Another sequentialization may be N1, N3, N2, N 4 
with an operation "jump N4" inserted into N 3 and "branch N 2 if condition = FALSE" 
into N 1. The sequence mentioned first contains one jump less than the second one. 
Therefore, algorithms were developed that determine a sequentialization of the pro- 
gram-graph nodes so that the number of jumps is near minimum. Figure 58 demon- 
strates an optimization integrated in the routine computing this sequentialization. On 
the left side of figure 58 the sequence is N1, N2, N3 ..... N4 where "jump N2" is to be 
inserted in the VLIW containing N4. This jump can be avoided if the sequence N1, 
N3 .. . . .  N4, N2 is chosen. There, the instructions represented by N3 up to N4 are 
placed in front of those from N2. 
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Figure 58: Jump Operation Creation 

According to this sequence, the addresses of instruction words and the targets for mul- 
tiway branches are determined. The instructions are output into a file together with the 
symbol table and debug information for the simulator. 

12.4.6  D e b u g  I n f o r m a t i o n  

This section lists some features needed for debugging parallelized code. There are two 
kinds of users for such a debugger: 

�9 The developer of new scheduling algorithms wants to test the algorithms and 
find out if these scheduling algorithms cause erroneous code. 

�9 Users want to find bugs in application programs. 

For basic tests users are advised to work with non-parallelized programs; they run 
slower but it will be easier to identify bugs. However, it will be necessary to test appli- 
cation programs in the parallelized version, too, because some bugs in the application 
may only occur there while they may be hidden in the sequential code. 

Breakpoints: 

Breakpoints are basic elements of most debugging activities. A user will set a break- 
point e.g. at a source code line. The compiler maps this source code line first to a 
sequence of machine-code lines. It is easy to map the breakpoint to this sequence - it is 
just the place before the first machine operation in the sequence. But how can this 
mapping be performed when the machine operations created from the source-code 
statement are scattered across the whole procedure by scheduling? Some may be 
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merged with machine operations from other source-code statements or even be deleted 
or duplicated during scheduling. 

To support setting breakpoints in scheduled code the following actions are performed: 

�9 A mapping of  each source-code statement to all the machine operations created 
from it; it is created before scheduling and updated after scheduling. 

�9 When a breakpoint to a source-code statement is set, it will be mapped to inter- 
nal breakpoints to all machine operations this source-code statement is mapped 
to (resp. instruction words containing these machine operations). 

�9 There are three strategies for executing the breakpoint: 

- Stop before the first of these operations is executed, which ever will be the 
first one dynamically. 

- Stop before the execution of each of these machine operations. 

- Stop after the last machine operation belonging to the source-code statement. 

The first strategy is best used as default while the other ones may be interesting for 
developers. 

A breakpoint to a function has to be mapped not only to the first statement of the func- 
tion itself but also to each place where this function was inlined. However, in cases 
where statements are moved out of functions by scheduling, no correct stopping at the 
function is possible at places where the function was inlined. 

More debugging features can be offered if the parallelized code is running on a simula- 
tor; in [BScklefrrosch 90] several methods are described. The simulator can check for 
each operation if the expected operands are used. Each variable in the program and 
each memory address accessed is assigned a unique number. Each register a variable is 
written to is attributed by the corresponding number. For each machine operation the 
numbers of the source operands and those in the registers containing the source oper- 
ands are compared during execution. Thus, we can find out if the correct source oper- 
ands are used. 
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One of the problem areas of parallel architectures is resource management. This has 
not been considered before for sequential architectures because it was not necessary. 
Theoretical research typically doesn't consider resource management - in the cases 
considered there, the machine model has typically infinite resources. However, in real- 
world applications resources are limited and have to be managed efficiently. 

The main resources to be considered here are: 

�9 Processing elements. 

�9 Shared pipeline stages e.g. in multipliers. 

�9 In floating point units certain actions can be overlapped while others are 
sequential - these stages in the floating-point pipeline have to be considered as 
r e s o u r c e s .  

�9 The interconnect system, mostly busses. 

�9 Register banks and register-bank ports. 

�9 Memory banks and memory-bank ports. 

�9 Caches, cache ports, and sometimes cache-controller functions 

These resources can be managed dynamically b y  corresponding hardware control. 
However this control often decreases performance; several agents accessing the same 
bus need some cycles for arbitration each time they access the bus - even when there is 
no other agent active. Planning the sequence of resource usage statically at compile 
time will reduce the number of collisions for using the same resource, even in presence 
of hardware control (which may be needed in some cases for security reasons). In the 
Multiflow TRACE machines (see section 4.1 or [Colwell et al 88] or [Fisher 87]) the 
busses are controlled statically by software. This saves the cycles for bus arbitration 
and provides fast access to memory. 

The delay slots in RISC pipelines constitute another kind of these resources, see sec- 
tion 8. 

Resource management is ac_n~ally a planning method - the usage of  resources by 
actions has to be planned in advance so that efficient usage can be made of these 
resources and so that the actions can be performed efficiently. 

There are many interactions between scheduling and resource management; each time 
we move an operation from one program-graph node to another, this is a user of 
resources being moved. A program graph node contains operations which are pro- 
cessed in parallel and thus, also the resource usage at the corresponding clock cycle. 
Some examples for resource restrictions on the types and number of  operations in a 
node are: 

�9 The architecture offers two multipliers; this means that not more than two mul- 
tiplication operations can be placed in a program-graph node. If a multiplica- 
tion takes t cycles then no third multiplication must occur in the next t 
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successor nodes, i.e. not more than two multicycle_reps of  multiplications must 
occur in the same node. 

�9 The architecture offers m memory banks; this means that not more than m loads 
and stores can be placed into a program-graph node. 

�9 The architecture offers one single bus to a particular memory bank; this means 
that not more than one access to this memory bank must occur in a program- 
graph node. For guaranteeing this, memory-reference disambiguation is neces- 
sary (see 12.2.4). 

Moving  an operation from one node to another means that the resources used are 
released and that resources in the destination node have to be assigned. This assign- 
ment may cause conflicts with other operations in that node. For a proper assignment 
in cause of a conflict we have to determine a new assignment for all operations in the 
destination node and for all other nodes containing multicycle_reps of multicycle oper- 
ations present in this node. This is extremely costly and prevents moving an operation 
from one node to a predexessor via an intermediate node with insufficient resources. 
Such an intermediate node prevents moving the operation further ahead - although the 
resources won't be needed after the next move. 

The interactions between scheduling and resource management make it hard to deter- 
mine their sequence so that the objectives of both are fulfilled. We get similar prob- 
lems as above in section 12.4.3 for the combination of scheduling and register 
allocation (which is a special kind of resource management, anyway). 

Performing resource management before scheduling: 

�9 Restricts the Percolation Scheduling control-strategies significantly (e.g. to 
Trace Scheduling). 

�9 Restricts the application of the core transformations by additional dependences 
(e.g. for register allocation as described in section 12.4.3) and blocking of their 
further applications. 

�9 Doesn't capture operations which are created during or after scheduling like 
those in copy nodes (created e.g. by move_op) or the jump operations inserted 
during code generation (see section 12.4.5). 

Performing resource management after scheduling: 

�9 Will encounter nodes with insufficient resources. 

�9 Has to split such nodes or perform a rescheduling (compare section 12.4.3). 

�9 Will degrade performance. 

Combining resource management and scheduling: 

�9 May increase complexity and cost significantly. 

�9 May be solved partially by specific scheduling-control strategies like the 
resource-controlled IBM-method (see [Ebcioglu/Nicolau 89]) or 
Compact_global (see [Aiken 88] and [Werner 91]). 
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In [KarlR 93] a new method for resource management is presented which tries to com- 
bine scheduling and resource management by splitting the tasks of resource manage- 
ment. First, resource allocation is perfc~ned by attributing each operation with the set 
of symbolic resources used. Such a symbolic resource represents a specific class of 
physical resources; one class is e.g. the set of all PEs which can perform multiplica- 
tions. A multiply operation will be attributed with the symbolic resource representing 
this class; this allocation is not a commitment to one specific member of  this class, any 
of them can process the operation. 

The actual resource assignment is performed after scheduling. This assignment maps 
each symbolic resource to a physical resource of the corresponding class. However, it 
is not guaranteed that a properly performed resource allocation guarantees a proper 
assignment. 

We can distinguish between active resources like PEs or busses and passive resources 
like registers or memory. For passive resources there are already specific methods for 
resource management as e.g. the one described in section 12.4.1. In the sequel the 
management of active resources is described. 

13.1 Machine Description 
Resource management depends heavily on the machine architecture and the way this 
architecture is described. For a proper resource management we need a concise and 
comprehensive machine model. 

For each operation we can define a resource allocation by a matrix; figure 59 below 
shows such a resource-allocation matrix for a 4-cycle operation. 

port3 
bus 6 

bus 2 

p e l  
pe0 �9 �9 �9 �9 

1 2 3 4 cycle 

Figure 59: Resource AHocation Matrix for an Operation 

This operation uses for this specific allocation PE 0 during all 4 cycles while in cycle 1 
bus 6 and port 9 are used, and during the fourth cycle bus 2 and port 3 are used. Of 
course this is only one specific allocation of many possible allocations of the architec- 
ture. The set of all possible resource allocations of an operation comprises all these 
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resource-allocation matrices which are valid for this operation (alternative-resource 
allocation matrix, ARA). 

Alternatively, resource-allocation expressions can be used to specify a machine opera- 
l ion's resource allocation, i.e. its requirements on the machine architecture. Such a 
resource allocation expression (RAE) comprises the name of  a resource and the cycles 
this resource is used. This time qualification is specified by the sign '. Two RAEs may 
be combined as alternative characterized by the character I and as conjunction charac- 
terized by the character &. For specifying that n resources out of a set of  equal 
resources are occupied by an operation, we restrict the set by specifying a suffix @n; 
this will e.g. be used for an operation needing two read ports. Generally, the RAEs can 
be described as: 

RAE = RES OURCE_NAME['TIME_QUALIFICATION]; 

RAE = RAE I RAE; 

RAE = RAE & RAE; 

RAE = (RAE); 

RAE = (RESOURCE_NAME I ... I RESOURCE_NAME) @ n, n e N (natural num- 
bers); 

RAE = (RESOURCE_NAME I... I RESOURCE_NAME)'TIME_QUALIFICATION; 

RESOURCE_NAME ~ {pe0 ..... bus0 ..... portO .... }; 

TIME_QUALIFICATION = n ~ N ;  

TIME_QUALIFICATION = TIME_QUALIFICATION, TIME_QUALIFICATION; 

TIME_QUALIFICATION = n-m; n,m e N ;  

The example from figure 59 can be expressed as RAE: 

pe0' l -4 & (bus6 & pon9) ' l  & 0aus2 & port3)'4 

These RAEs are just a convenient form to express an operation's resource allocation. 
Thus, we have ways to describe a machine so that we can perform resource manage- 
ment and other operations based on this description. 

The preconditions for resource management have to be satisfied in the front end by 
creating the machine description for the machine architecture M :  

M = ( resources, {(o, resource_usage(o)) I for all operations o} ) 

The vector resources contains the number of physical resources available for each 
resource class. There are two kinds of resource classes, base classes and combined 
classes. Base classes are the resources we know already: PEs, basses, caches, etc. 
Combined classes are built for specific operations, e.g. the class of all PEs which can 
perform integer additions or the class of all PEs which can perform both, integer addi- 
tions and integer multiplications. For each machine operation we have a resource-allo- 
cation matrix determining the resources used in each clock cycle. These matrices can 
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be compressed to vectors if  the operations'  resource usage of  is not distinguished for 
different clock cycles. 

13.2 Operators and Functions for Resource Management 

Proceeding from the resource allocation matrices R A  we can define operations on such 
RAs. We take two RAs, A = A(i,i ) and B = B(ij) as resource allocation matrices of  the 
same dimensions and combine them to create new resource allocation matrices: 

1 ifA(i,j ) =  1 or B(ij) = 1 V 
R = A �9 B r R( i j )  = 0 else i,j 

1 i f A o j  ) = l a n d B ( i J ) = 0  V 
R = A O B  r R(i,j) = 0 else i,j 

1 ff A(i,i ) = 1 and B(ij) = 1 V 
R = A @ B  r R(i,j) = 0 else i,j 

1 ff A(i,i ) = 1 and V(i ) = 1 ,~  
R = A A V r R(i,j) = 0 else i,j 

The  operator ~B adds two resource allocation matrices to a common one while the oper- 
ator O subtracts them. The operator @ can be used to determine if  two operations 
require common resources. The operator A applies a mask vector V to a resource allo- 
cation A to select specific resources. In all cases we may use sets o f  alternative- 
resource allocations instead of  single resource allocation matrices by applying the 
operator to each element of  the set. 

In [KarlR 93] it is shown how these operators can be used to perform the functions 
needed for resource allocation. 

For compressing a matrix to a vector over  the time axis we need the auxiliary function 
compress; starting from a set A of  resource allocations of  dimension x x y the function 
produces a set o f  resource allocation vectors of  dimension x by compressing the time 
dimension y to 1 by adding the columns a(, 0 of  a resource matrix a for each t. 

c o m p r e s s  (A): 

�9 R : = O ;  

�9 Repeat for all a ~ A: 

�9 r := (0)(x); 

�9 for t from 1 t o y  do: r := r ~ a(,t); 

�9 R = R u r ;  
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The following function, likely._pe (op) determines for an operation op the set of PEs 
which can be used for its execution (with maxres as maximum number of resources 
available and ARA the set of alternative-resource allocations of op). 

likely_pe (op): 

�9 pc_mask := (O)(,nar.res); 
�9 Repeat for all h �9 (compress (ARA(op) A resource_type ("PE"))): 

�9 pe_mask = pc_mask �9 h; 

For resource assignment we need the function likely_resources which determines a 
mask vector r_mask specifying the set of resources of a specific type which can be uti- 
lized during a specific clock cycle; this function is applied to a set A of alternative- 
resource allocation matrices (ARA). (In this notation, h(.cycle) is the column number 
"cycle" in matrix h.) 

likely_resources (A, type, cycle): 

�9 r_mask := (O)(r,~.res); 
�9 Repeat for all h �9 A: 

�9 r_mask := r_mask �9 (h(,cycle) A resource_type(type)); 

The function remaining_resources determines for a set A of alternative-resource allo- 
cations the resulting set R after allocating a resource z in cycle cyc to a specific opera- 
tion. 

remainingresources (A, z, cyc): 

R =  ~ }  h V h e A  
h(z,cyc) = 1 

13.3 Resource Allocation 

Resource allocation is performed during scheduling. Initially, during program-graph 
construction (see section 12.2) each program-graph node N is assigned the set of all 
resources available. The node N gets an attribute resource_scoreboard (N) which is 
initialized with the vector resources. 

During instruction scheduling two functions are applied to this resource_scoreboard: 

When an operation op is moved from a node N to a node M then we determine: 

resource_scoreboard(N) := resource_scoreboard(N) O resource_usage (op); 

resource_scoreboard(M) := resource_scoreboard(M) �9 resource_usage (op); 

The operations O and �9 represent element-wise subtraction and element-wise addi- 
tion, respectively. For single-cycle operations, resource_usage (op) is just a vector; for 
a multicycle_op op representing the i-th cycle we take the vector 
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resource_usage(5)(op). For moving multicycle operations the allocation and dealloca- 
tion have to be performed for all multicycle_reps. In case of operations where all 
multicycle_reps have the same resource usage, i.e. where all resources are reserved 
during the whole processing, an allocation has to be performed for the target node M 
only where oPl (the multicycle_rep for the first cycle) is moved to, and a deallocation 
for the last node, containing the multicycle_rep for the last cycle as in algorithms 16 
and 17. 

A program-graph Wansformation moving an operation op from a node N to a preceding 
node M under consideration of resources is only allowed if the predicate overflow (op, 
N) evaluates to FALSE. This predicate is determined as: 

ITRUE if 3 k: resourcescoreboard (N)(k) - 
overflow (op, N) = resour~_usage (op)o,) < 0 

FALSE else 

For scheduling-control strategies and tactics it might be useful to consider resource 
management e.g. by moving operations into nodes with low resource utilization. For 
this purpose we define the utilization of a node N with respect to a resource k as: 

resource_scoreboard (N)(k) 
utilization (N, k) = 1 - 

resources(k) 

13.4 Resource Assignment 
Resource assignment is performed on the scheduled program graph, i.e. in the back 
end, replacing the more heuristic approach of assigning operations to PEs as described 
in section 12.4.4. 

As described above, we can assign to each operation the resources needed using the 
function likely_resources (op). In the following, methods for assigning PEs to opera- 
tions are presented firsL 

13.4.1 Assignment of P r o c e s s i n g  E l e m e n t s  

Assigning resources is not difficult if all resources of a class are identical, i.e. if all PEs 
can perform all machine operations. Otherwise, we can formulate the problem more 
generally as described in [KarlR 93]. First, we consider singie-cycle operations only; 
this case can be solved with common graph algorithms. 

We have to assign the operations op of a set O to resources (PEs) from a set R. For 
each operation op e O we have a subset likely resources(op) determining which ele- 
ments of R may be assigned to op. 

The problem can be generalized as: 

We have a graph G = (V,E); the set V of vertices consists of two disjoint subsets O and 
R: V f O  u R ,  O n R =  O, For the set E of edges with E ~ O x R  and(ope  O, r e  R) 
we have: 
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(op ~ r) e E r likely_resources(op)(r) = 1. 

This graph is bipartite, i.e. the edges always connect a node of set O with a node of set 
R. Our task is to find a set of edges complying with the constraints of the functions 
likely_resources(op) for all operations op so that the number of these edges is maxi- 
mized (a maximum assignment). The following example shows such a bipartite 
assignment-problem for a program-graph node N: 

resource_type CPE") = 

likely_resources (opl) = 

likely_resources (op2) = 

likely_resources (op3) = 

likely_resources (op4) = 

( 1 , 1 , 1 , 1 , 0 , 0  ..... O) 

0 , 1 , 0 , 0 , 0 , 0  ..... 

( 1 , 1 ,1 ,0 ,0 ,0  ..... 

O , l , l , O , O , O  ..... O) 

(0 ,0 ,1 ,1 ,0 ,0  ..... O) 

opl op2 op3 op4 

, j ,  , d , / ,  
1, op2, op3, o [ I  I 1~ I [ J 

/ ~l /  ~l/  I 

pel pe2 pe3 pe4 

this part of the machine 
description specifies four 
PEs and four operations 
(opl . . . . .  op4) and the PEs 
which can execute the oper- 
ations. 

opl op2 o133 op4 

~ / / Y I,I 
I 

pel pe2 pe3 pe4 

non-maximum assignment maximum assignment 

Figure 60: Bipartite Assignment Problem 

In figure 60 a machine description specifies four PEs and four operations opl ..... o134. 
A program-graph node N contains the four operations opl . . . . .  op4. The bipartite 
assignment problem in node N is shown next to the node, the relations specified by the 
function likelyresources (op) represented as edges. The solid edges specify actual 
assignments and the dashed edges possible assignments. The left-hand graph offers no 
actual assignment for opl while the one on the right-hand side assigns each operation 
one PE, a maximum assignment. 

The maximum assignment problem can be solved in polynomial time. There are sev- 
eral algorithms for such an optimization which are described in books about graph the- 
ory and in [KarlR 93]. 

The formulation of resource assignment as bipartite assignment-problem is adequate 
for single-cycle but not for multicycle operations. A multicycle operation starting on a 
specific PE will continue during the subsequent cycles on the same PE. For superpipe- 
lined superscalar processors we may also have to model the single pipeline stages, i.e. 
we have to assign a sequence of these pipeline stages to an operation for the sequence 
of execution cycles. However, for all integer PEs and most floating-point PEs it will be 
sufficient to use the model described here. Thus, we assume that a n-cycle operation 
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occupies one particular PE for all these n cycles. This model encompasses most stan- 
dard pipelines, e.g. those where after stage i a stage k = i + 1 is occupied. The model 
can be extended for more general pipelines, too. 

The problem of assigning operations to PEs can be modeled by graph coloring like 
register assignment (see section 12.4.1). We model each operation as node in an inter- 
ference graph and get an edge between two nodes if the execution of the two opera- 
tions overlaps and if they can be executed on the same PE. An assignment of 
operations to PEs is then equivalent to coloring the interference graph with colors rep- 
resenting the PEs. coloring means that each node in the interference graph gets a color 
so that adjacent nodes (i.e. those connected via an edge) have different colors. In cases 
where no coloring can be performed, nodes have to be split to allow for a coloring. 

For understanding the algorithm, we assume first that each operation can be executed 
on each PE. In [KarlR 93] the graph-coloring algorithm from [Briggs et al 89] is 
applied to the PE assignment problem. The algorithm consists of the following steps: 

i. Build the interference graph: 

For each operation in a program-graph node, a node of the interference graph is 
created, however only one node for a multicycle operation. Edges are created 
between each pair of interference-graph nodes where representations of the 
operations appear in the same program-graph nodes. 

ii. Reduce the interference graph: 

Choose the interference-graph node with the smallest degree, i.e. with the least 
number of neighbors. Remove it from the interference graph and put it onto a 
stack. The degree of all neighbour nodes is thus decremented. This is continued 
until all nodes are linearized on the stack. 

iii. Color the interference graph: 

The nodes on the stack are assigned colors, starting with the critical ones, i.e. 
those with most neighbors (nodes with less neighbors than colors available can 
be colored anyway). The assignment of colors may be performed according to a 
strategy like round-robin. The algorithm stops when all nodes are colored so 
that two adjacent nodes always have different colors. If there are any nodes left 
on the stack which cannot be colored then they have to be split. Strategies for 
splitting are similar to those in 12.4.1. After splitting the algorithm continues 
with step i. 

Algorithm 24: Graph-Coloring Algorithm for PE Assignment 

This algorithm can easily be extended for more general architectures where not all PEs 
can perform each operation. We enlarge the interference graph by adding one 
(pseudo)node for each PE, colored with the color corresponding to this PE. Each node 
representing an operation which cannot be performed on a particular PE gets an edge 
to the new node representing this PE. Thus, we assure that this operation is not 
assigned to that PE, i.e. gets not that color. The pseudo-nodes representing PEs are of 
course not reduced during step ii. 
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This algorithm is quite fast, linear in the number of edges, O(IEI). In [KarlR 93] 
another algorithm is presented which is adopted fTom [Gupta 87] resp. [Gupta/Soffa 
91]. This algorithm can color the interference graph with less node splittings, however 
requiring higher Complexity; in extreme cases it is up to quadratic in the graph size. 

The algorithm adopted from Gupta is then performed as: 

i. Build the interference graph: 

Each edge is attributed with its number of conflicts, i.e. the number of program- 
graph nodes in which the operations (corresponding to the nodes) interfere. The 
pseudo-nodes representing the PEs are added as described above. 

ii. Determine all urgencies: 

This is a measure on the nodes (see below). 

iii. Color the most urgent node; continue with step ii. until all nodes are considered. 

iv. The algorithm stops when all nodes are colored; otherwise, split the most urgent 
node of the uncolored ones and continue with step i. 

Determining the next node to be colored for an optimum coloring is a task needing 
exponential execution time. Thus, a heuristic is used based on the "urgency" the node 
needs a coloring. Such an urgency of a node N is proportional to the number of con- 
flicts between N and other nodes which are already colored. If the most urgent node 
were not colored next, it might become uncolorable at the next step, thus causing node 
splittings. The urgency of a node is inverse proportional to the number of remaining 
colors, available for the actual coloring. Thus, we get the formula: 

~ conflicts (M ~ N) 
urgency(N) = ' V M  e S w i t h ( M ~ N )  ~ E  

remaining_colors (N) a 

with S a as set of all colored nodes. In cases of disjoint subgraphs and for the first node 
of the graph we need an initial node for coloring because the urgency measure is only 
greater than zero for nodes with at least one colored neighbour. This initial node Ninit 
is defined by the edge with the highest number of conflicts: 

max ~ conflicts (N i ~ Nj) 
Ni V (Ni --> Nj) 

This algorithms allows to place long multicycle operations early to avoid splitting 
nodes containing such long multicycle operations. 

One characteristic of graph coloring for PE assignment is worthwhile noticing: In a 
program graph like the one in figure 61, we can assign op2 and oP3 to the same PE 
although they share the same node (N4). These two operations start on two alternative 
paths through the program graph and can never been executed at the same time - the 
branching in node N 1 can either go left or right, not to both directions at once! Thus, 
two colors are sufficient for coloring the interference graph in figure 61. This will 
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however not be applicable to VLIW architectures and architectures with conditional 
execution. 

opl(1), cj 

N2 ~ ~ N3 

opl(2), 

oP2(2), op3(2), op4(1)~ 

n2 n 3 

n4 

Program Graph Interference Graph 

Figure 61: PE Assignment in Alternative Program-Graph Paths 

So far, we have only considered the assignment of PEs which are certainly the most 
important resources for processing. However, paths to memory (resp. cache), register- 
bank and memory-bank ports are important resources, too, albeit for special instruc- 
tions like loads and stores. 

13.4.2 Assignment of General Resources 
For general resource assignment we have to consider that resources are not indepen- 
dent  A specific PE may e.g. have busses to certain memory banks only; assigning this 
PE to a load operation means that we have a certain subset of all busses which can be 
used for accessing memory and this assignment is only allowed if this PE is connected 
to the memory module accessed. For loads and stores where we don't know the mem- 
ory address at compile time only such PEs may be assigned which have paths to each 
memory bank which may perhaps be accessed. These dependences between resources 
have to be considered during assignment. 

Assignment of general resources can be performed using generalized interference 
graphs as for the special case of PEs as only resources. Figure 62 shows an example of 
such a general resource assignment. We want to perform resource assignment in a 
node with three operations oPl, 0132, o133. The alternative-resource allocations are 
shown as vectors RA(oi) for each operation o i. We have four possible resource alloca- 
tions ral ,  1 ..... ral ,  4 in RA(oi), three resource allocations ra2.1 ..... ra2, 3 in RA(02), 



13.4 Resource Assignment 153 

and three resource allocations ra3,1 ..... ra3. 3 in RA(o3). Each resource allocation is 
entered as a node raid ~ N in a conflict graph G = (N,E). We have two kinds of edges 
in E: 

�9 Between all nodes nid representing alternative-resource allocations of the same 
operation oi: 

(ni, k ~ ni,j) ~ EV k,j withk~ej and ni,j, ni.k ~ RA(oi) 
�9 between all nodes where the corresponding operations interfere, i.e. are pro- 

cessed (at least p~ially) in parallel: 

(hi, k ~ nj,l) ~ E r o i and oj interfere and rak(oi) | ral(oi) ;e (0). 

f ral. l = (0,1,0,0,0,0,1,0,0) f ra2 1 = (0,0,1,1,0,0,0,0,0) 
RA(ol) = ral. 2 = (0,1,0,1,0,0,0,0,0) t ral, 3 = (0,1,0,0,0,0,0,1,0) RA(~ = ra2'2 = (0,0,1,0,0,0,0,0,1) 

ral. 4 -- (0,0,1,0,1,0,0,0,0) ra2'3 = (1,0,0,0,0,1,0,0,0) 

RA(o3) = 
ra3,1 = (0,0,1,1,0,0,0,0,0) 
ra3, 2 = (0,0,1,0,1,0,0,0,0) 
ra3. 3 = (1,0,0,0,0,1,0,0,0) 

ral, 1 ral~2 ra3,1 

ralla2'l ~ / ' J r a 3 ' 2  

ra2.3 ~ ~ 

Program Graph Node Marked Conflict Graph for Program Graph Node N 

Figure 62: Conflict Graph for General Resource Assignment 

In figure 62 we see the square representing the four alternative-resource allocations of 
operation oPl and the two triangles representing the alternative-resource allocations of 
operations oP2 and op3. The shaded lines represent the interactions. An actual assign- 
ment is then a marking of the nodes in the conflict graph; the goal of resource assign- 
ment is a marking with one marked node per operation for each conflict graph. The 
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conflict-graph nodes belonging to the same operation can be combined to one new 
node, yielding an interference graph as we had above. 

For marking nodes we consider mainly two cases: 

i. A conflict-graph node nij , with degree 0, i.e. no neighbors. This represents the 
only possible resource assignment of an operation oi. Such a node has no con- 
flicts with other nodes and can be marked. 

ii. A conflict-graph node hi, k with degree 1. This only edge (ni, k ~ nj,1) may 
either be of the first kind, i.e. representing one of two alternative-resource 
assignments of an operation oi (i = j). Since there are no conflicts (i.e, edges) 
with other operations (i.e. to other nodes), the node ni~ is marked and the other 
node njj deleted. In the other case this edge (ni, k ~ nj,l) is of the second kind, 
representing a resource conflict. The node ni, k which has only one resource 
assignment in this case (i ~ j) is marked and the neighbour node nj,l is deleted. 

Slrategies for marking a conflict graph will stepwise delete nodes from the graph until 
the remaining nodes can be marked. The nodes to be deleted are those with a high 
probability of not being markable. These are the nodes with a high degree because 
marking a node makes all neighbors unmarkable. Deleting a node means omitting the 
represented resource assignment for the corresponding operation, which is not critical 
if sufficient alternative-resource assignments are available. In [KarlR 93] two strate- 
gies are presented: 

1. Apply i. and ii. until all nodes of degree < 1 are marked. 

2. Are any conflict-graph nodes left? 

yes: 

3. Determine an operation o i in the program graph with maximum number of 
alternative-resource assignments ( > 1). If there are several choices with the 
same degree then step 4 is used to select the operation. 

4. Determine a resource assignment hi, k for this operation with maximum 
degree in the conflict graph. 

5. Remove ni~ and its edges from the conflict graph. 

6. Continue with step 1. 

no: exit. 

Algorithm 25: Resource Assignment by Marking Conflict Graphs, Strategy 1 

This algorithm ends because in each loop through 1. - 6. the number of nodes is 
reduced. It will try to leave at least one possible resource allocation for each operation 
in the graph (step 3.). For operations which get no assignment we have to split pro- 
gram-graph nodes as described above. One split may offer sufficient resoure~ for 
more than one non-assigned operation if it is performed accordingly. 
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Another strategy marks in each step one node among nodes with low degrees which 
make neighboring nodes with high degree unmarkable; nodes with a small number of 
alternative-resource assignments are chosen firsL This is performed with the following 
strategy: 

1. Apply i. and ii. until all nodes of degree _< 1 are marked. 

2. Are any conflict-graph nodes left? 

yes: 

3. Determine the set of all conflict-graph nodes with minimum degree. 

4. Choose a node from this set for which the sum of the degrees of its neigh- 
bout nodes is maximum. 

5. Mark this node and delete all its neighbors. 

6. Continue with step 1. 

no: exit. 

Algorithm 26: Resource Assignment by Marking Conflict Graphs, Strategy 2 

These strategies for marking graphs can be applied for general resource assignments 
and similar problems. However, where problems can be reduced, like e.g. assignment 
of single resource types, like PEs or application of single-cycle operations only, the 
corresponding simpler algorithms should be applied because conflict graphs tend to get 
quite complex. 



14 Exceptions 
When machine operations are reordered globally, new problems arise with respect to 
exceptions. Exceptions are events other than branches (including calls etc.) which 
change the control flow of program execution. In [Hennessy/Patterson 90] the most 
important exceptions are listed and explained. Among those, page faults and I/O- 
device requests are not altered by instruction scheduling. However, faults, i.e. excep- 
tions like arithmetic overflow or memory-protection violation can be affected by glo- 
bal instruction scheduling. The following example will show the main problem. 

rl  = 0; 
. . o . . ~  

r 2 = r l  + 1; 
if(r2 > 1) 

{ r3 = r4 / r l  : 
r 2 = r 3 -  1; } 

r 4 = r 2 + 5 ;  
r3 = r4 * 2; 

r l  = 0; 
. . ~ 1 7 6 1 7 6  

r 2 = r l  + 1; 
if (r2 > 1) 

T 

r3 =r4  /r~ 
r 2 = r 3 -  1; 

r 4 = r 2 + 5 ;  
r3 = r4 * 2; 

~ir~ 
= rl  + 1 ; ~  
= r4 1 r l ;  l 

(r2> 1) j r  

r3 N *  2 J  

a) b) c) 

Figure 63: Exceptions in Reorganized Code 

In figure 63 a small part of a program is shown in a); in b) we see the corresponding 
part of the program graph. The scheduler may move the operation "r3 = r4 / r l "  to the 
preceding node because there is no dependence on that node and r3 is not live in the 
other successor path of that node (r3 is overwritten in the other successor node: r3 = r4 
* 2). The content of r3 is not used in the FALSE-path of the branch. This works fine, 
but what happens f f r l  is 0? In the original program, the division "r3 = r4 / r l"  will not 
be executed in this case but in the reordered case c) the division will be executed and 
will cause an exception due to dividing by 0. This exception will cause the program 
erroneously to stop. 

In the Multiflow TRACE machines this problem is solved by delaying exceptions. 
Each register is attributed a valid-bit which is usually set. An exception like the one in 
our example will set the valid-bit of the destination register r3 to 0. When this register 
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is used again by an interruptible operation, the exception will be executed; i.e. when- 
ever a register with valid bit 0 is used as source register an exception will occur. 

This is perhaps the most elegant solution to this problem. Another one would be to 
analyze all exception-causing operations statically and find out if their movement 
above a particular branch may cause an exception like in our example. Such a move- 
ment would then be prevented as well as movements of instructions for which the 
analysis would fail. Another possibility is to use checkpointing hardware as described 
in [Hwu/Patt 87] or in [Vassiliadis et al 92]. 



15 Vertical Instruction-Scheduling 
Originally, for RISC architectures (vertical) instruction scheduling means filling 
branch delay slots and load delay slots; a series of local instruction-scheduling meth- 
ods have been developed so far which offer pretty good results (see section 8). How- 
ever, for architectures with deep pipelines some new vertical instruction-scheduling 
methods may turn out useful. 

Considering the development of architectures so far, we see that for some time a trend 
towards long pipelines occurred, exemplified by the development of the MIPS R4000. 
At that time there was some controversy about the best way to exploit most parallel- 
ism: vertically or horizontally. Most microprocessors chose horizontal parallelism in 
the form of superscalar processors. However, it seems that a combination of both 
methods were appropriate; it is useful for many superscalar architectures to split the 
decode stage so that we can predecode instructions as early as possible. 

This section gives an overview how the methods of percolation scheduling can be 
applied to "Very Deep Pipeline Architectures". The methods presented below apply to 
machine instructions which are dependent and must not be started successively. In cur- 
rent architectures machine instructions which have to be separated by a certain dis- 
lance are: 

�9 Branches and the subsequent instructions. 

�9 Load instructions and instructions using the loaded data. 
�9 Integer multiply/division and instructions using the results. 

�9 Floating-point instructions and instructions using the results. 

�9 Other, mostly rare, multicycle instructions and instructions using the results. 

In future architectures with very deep pipelines, there may be more kinds of instruc- 
tions which have to be separated. 

We assume an operation O needs n(O) pipeline stages to complete. In its r-th pipeline 
stage r(O), it reads its source operands, and in its w-th pipeline stage it writes its desti- 
nation operand. Thus, after w cycles the destination operand is ready for succeeding 
operations to be used as their source operand. For architectures with bypassing, that 
will be one cycle earlier, assuming one cycle delay for writing the destination operand 
in its register. For capturing both, architectures with and without bypassing, we set 
w(O) as the cycle when the destination operand can be used by succeeding operations 
as source operand. Whenever w(O) - r(O) > 1, instruction scheduling will enhance the 
system's performance. For floating-point operations and for potential future long pipe- 
lines this may be significant. In architectures where load (or store) operations must not 
be issued subsequently, we have the same situation. In the following, we set 
D = max (w(O) - r(O)), VO. 

For considering dependences between operations, condition codes are treated the same 
way as other operands: a compare operation writes a condition code and a conditional- 
branch operation reads it. 
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Instruction-scheduling methods will be presented which reorder the instructions so that 
no instruction has to wait for its source operands to become ready. For this purpose we 
use a variant of the program graph defined in def. 8 where a node contains only one 
operation and no conditional tree. On this program graph, transformations are per- 
formed which we will derive from the Percolation Scheduling core-transformations. A 
few additional definitions will be necessary. 

Def. 20: Successors and Predecessors in the Program Graph 

A program graph contains a set of nodes and a set E of edges. An edge is a pair of  
nodes (M,N). A node N contains one operation O and the sets read(N) and write(N) 
of variables read and written by the operation O. 

A node M is a predecessor of a node N in the program graph if there is a edge 
(M,N) ~ E in the program graph's set E of edges. 

The set of predecessors of a node N in the program graph is called pred(N,1). 
The i-th predecessor set of node N is the set pred(N, i )  = pred(pred(N, i-1),1) 
for i > 1. 

First, the program graph is constructed for each function. Then, for each node N we 
insert (w(N) - r(N) - 1) nodes after N in the program graph. These nodes contain noops 
and the same sets read(N) and write(N) as the node N. The last inserted node will have 
the previous successors of N now as its own successors. 

During this transformation of the program graph, each node gets an additional 
attribute, the architecture module it is using, respectively the pipeline stage, e.g. 
pre_decode, ALU or multiplier. We call it the "resource attribute". In this context, we 
define a new kind of dependence, resource dependence. 

Def. 21: Resource Dependence 

Two operations are called resource dependent if their nodes have the same resource 
attribute. 

15.1 Vertical Core Transformations 

The Vertical Percolation Scheduling transformations are applied in the same sequence 
as in subsection 12.3.4. Starting with the uppermost level, loop handling transforma- 
tions are applied and the others described in section 8.5. Next, the core transformations 
described below are applied, first move_cj vertical and then move__op_vertical. 
Finally, the delete_vertical core Iransformation is applied to the program graph. 
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Delete Vertical Core Transformation: 
I 

We consider a node N containing an operation O. 

�9 If 0 is not a noop, exit. 
�9 If N has no successors and its resource attribute is O, delete N. 

�9 If there is no dependence (considering all kinds of dependences, including resource 
dependences) between 0 and N's successox nodes, delete N and link its predeces- 
sors to its successors. 

Algorithm 27: Delete_Vertical Core Transformation 

Figure 64 shows the move_op_vertical core transformation. This program-graph trans- 
formation tries to move an operation op from a node N to a preceding node M where it 
replaces a noop or a copy of op. 

M 
~ 

iI @ ~ l  

t 
<( 

M IV[" M' , ' ~  

b ",  :1 

Y 

) 

M M" 

'~'1 " j 

b 
N' " 

'>7.J 

Let the operation in M' be independent of the noop in M and the operation in 
1W' dependent on the noop in M. 

Figure 64: Move_op_Verticai Core-Transformation 
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Move_op_Vertical Core Transformation: 

We consider a node N and a predecessor node M of N; N contains an operation op 
(which is not a noop) and M either a copy of op or a noop. The construction and the 
transformations of the program graph guarantee that op is independent from all opera- 
tions in preceding nodes N'  r pred(N,i) for i = 1 ..... d(N') with 
d(N') -- w(N')  - r(N') - 1. 

�9 I f  op is dependent on any operation in the nodes pred(M,d(N)) exit. 

�9 Has N other predecessors M'  besides M? 

yes: �9 Is the operation in M independent from operations in all other predecessors 
M'  of N and in all X ~ pred(M',i) for i=l ..... d(pred(M')) and i < D? 

yes: �9 Relink the nodes M'  to point to M as successor instead of N. 

�9 Set the corresponding attributes of  all nodes succeeding N in distance 
d(N) containing a noop to 0. 

no: �9 Make a copy N '  of N (with all attributes). 

�9 Relink all M '  not fulfilling the above condition to N'  instead of N. 

�9 Relink all M'  fulfilling the above condition to M instead of N. 

�9 Replace the noop in M by op (if there is a noop) and set the corresponding attributes. 

�9 Replace op in N by a noop and set the corresponding attributes. 

Algorithm 28: Move_op_Verticai Core-Transformation 

The following figure 65 displays the move_cj_vertical core-transformation. It tries to 
move a conditional jump cj from a node N to a preceding node M. Additionally, a pre- 
decessor M'  of  N is shown with an operation independent from the noop in M, and a 
predecessor M" of N with an operation dependent on the noop in M. 
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M' M M 
~ �9 - ~ M  M" 

cj , ) 

,,._ N ~  ~ N ~ .  N' 
r 

Let the operation in M' be independent of the noop in M and the Olmation in 
M" dependent on the noop in M. 

Figure 65: Move_cj_Vertical Core-Transformation 

Move_cj_Vertieal Core-Transformation: 

We consider a node N and a predecessor node N of M; N contains a conditional branch 
cj and M either a copy of cj or a noop. The construction and the transformations of the 
program graph guarantee that cj is independent from all operations in preceding nodes 
N" ~ pred(N,i) for i -- 1 ..... d(N') with dfN') = w(N') - r(N') - 1. 

�9 If cj is dependent on any operation in the nodes pred(M,d(N)) exit. 

�9 Has N other predecessors M' besides M? 

yes: �9 Is the operation in M independent from operations in all other predecessors 
M' of N and in all X r pred(M',i) for i--1 ..... d(pred(M')) and i < D: 

yes" �9 Relink the nodes M' to point to M as successor instead of N. 

�9 Set the corresponding attributes of all nodes succeeding N in distance 
d(N) containing a noop to 0. 

no: �9 Make a copy N' of N. 

�9 Relink all predecessors of N not fulfilling the above condition to N' 
instead of N. 

�9 Relink all M' fulfilling the above condition to M instead of N. 

�9 Replace the noop in M by cj and set the corresponding attributes. 

�9 Replace the cj in N by a noop and set the corresponding attributes. 

�9 Make a copy Nt of N. 

�9 Delete the TRUE-successors from N. 
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�9 Mark N as FALSE-successor of M. 

�9 Delete the FALSE-successors from N t. 

�9 Link N t as TRUE-successor of M. 

Algorithm 29: Move_cj_Vertical Core-Transformation 

All these transformation algorithms can also be specified so that an operation op or a 
conditional jump cj may be moved as far as possible instead of just one level up in the 
program graph. Similarly, the delete transformation can be extended to delete several 
succeeding nodes. 



16 Conclusion 

In this book, methods were presented which increase the performance of computer 
systems by making use of the parallelism which can be found in application programs. 
These methods provide a way to employ the fast increasing potential of new hardware 
for current and new demanding applications. 

The techniques described shall provide computer architectures and compiler writers, 
as well as students insight into the manifold aspects to be considered. In particular, a 
systematic for instruction scheduling is presented together with new instruction-sched- 
uling methods. The characteristics of  specific processors can be confined to specific 
places, namely to the machine description and a single scheduling-level. The other 
scheduling levels can thus be reused for other architectures. 

Altogether, the book tried to provide: 

�9 An overview of the methods for (fine-grain) parallelization by architecture and 
compiler. 

�9 Insight into the multitude of areas which have to be considered for scheduling. 
�9 A structure which decomposes the functionality of scheduling so that major parts 

are independent of  machine and application and can thus be reused. 
�9 A thorough description of current and new scheduling techniques. 

�9 A systematic approach to resource management. 

The areas of further research in this area are mainly: 

�9 Creating machine=specific pans of the scheduler for various specific processors. 
�9 Refined exception handling. 
�9 Combination of  coarse-grain and fine-grain parallelization to provide the combined 

performance potential for application programs. 
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