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Integrated Software Pipelining
by

Mattias Eriksson

February 2009
ISBN 978-91-7393-699-6
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ABSTRACT
In this thesis we address the problem of integrated software pipelining for clustered
VLIW architectures. The phases that are integrated and solved as one combined
problem are: cluster assignment, instruction selection, scheduling, register alloca-
tion and spilling.

As a first step we describe two methods for integrated code generation of basic
blocks. The first method is optimal and based on integer linear programming. The
second method is a heuristic based on genetic algorithms.

We then extend the integer linear programming model to modulo scheduling. To
the best of our knowledge this is the first time anybody has optimally solved the
modulo scheduling problem for clustered architectures with instruction selection
and cluster assignment integrated.

We also show that optimal spilling is closely related to optimal register alloca-
tion when the register files are clustered. In fact, optimal spilling is as simple as
adding an additional virtual register file representing the memory and have transfer
instructions to and from this register file corresponding to stores and loads.

Our algorithm for modulo scheduling iteratively considers schedules with in-
creasing number of schedule slots. A problem with such an iterative method is that
if the initiation interval is not equal to the lower bound there is no way to determine
whether the found solution is optimal or not. We have proven that for a class of
architectures that we call transfer free, we can set an upper bound on the schedule
length. I.e., we can prove when a found modulo schedule with initiation interval
larger than the lower bound is optimal.

Experiments have been conducted to show the usefulness and limitations of our
optimal methods. For the basic block case we compare the optimal method to the
heuristic based on genetic algorithms.
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Chapter 1

Introduction

This chapter gives a brief introduction to the area of integrated code
generation and to the Optimist framework. We also give a list of our
contributions and describe the thesis outline.

1.1 Motivation

A processor in an embedded device often spends the major part of its
life executing a few lines of code over and over again. Finding ways
to optimize these lines of code before the device is brought to the
market could make it possible to run the application on a cheaper or
more energy efficient hardware. This fact motivates spending large
amounts of time on aggressive code optimization. In this thesis we
aim at improving current methods for code optimization by exploring
ways to generate provably optimal code.

1.2 Compilers and code generation for VLIW
architectures

This section contains a very brief description of compilers and VLIW
architectures. For a more in depth treatment of these topics, please
refer to a good text book in this area, such as the “Dragon book” [1].
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1.2.1 Compilation

Typically a compiler is a program that translates computer programs
from one language to another. In this thesis we consider compilers
that translate human readable code, e.g. C, into machine code for
processors with static instruction level parallelism. For such architec-
tures, it is up to the compiler to generate the parallelism.

The Front end of a compiler is the part which reads the input
program and does a translation into some intermediate representation
(IR).

Code generation, which is the part of the compiler that we focus on
in this thesis, is performed in the back end of a compiler. In essence,
it is the process of creating executable code from the previously gen-
erated IR. One usual way to do this is to perform three phases in
some sequence:

• Instruction selection phase — Select target instructions match-
ing the IR.

• Instruction scheduling phase — Map the selected instructions
to time slots on which to execute them.

• Register allocation phase — Select registers in which interme-
diate values are to be stored.

While doing the phases in sequence is simpler and less computa-
tionally heavy, the phases are interdependent. Hence, integrating the
phases of the code generator gives more opportunity for optimization.
The cost of integrating the phases is that the size of the solution space
greatly increases. There is a combinatorial explosion when decisions
in all phases are considered simultaneously. This is especially the case
when we consider complicated processors with clustered register files
and functional units where many different target instructions may be
applied to a single IR operation, and with both explicit and implicit
transfers between the register clusters.
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FUB1 FUB2FUA2FUA1

Register File A Register File B

Figure 1.1: An illustration of a clustered VLIW architecture. Here
there are two clusters, A and B, and to each of the register files two
functional units are connected.

1.2.2 Very long instruction word architectures

In this thesis we are interested in code generation for very long in-
struction word (VLIW) architectures [31]. For VLIW processors the
issued instructions contains multiple operations that are executed in
parallel. This means that all instruction level parallelism is static, i.e.
the compiler (or hand coder) decides which operations are to be exe-
cuted at the same point in time. Our focus is particularly on clustered
VLIW architectures in which the functional units of the processor are
limited to using a subset of the available registers [27]. The motiva-
tion behind clustered architectures is to reduce the number of data
paths and thereby making the processor use less silicon and be more
scalable. This clustering makes the job of the compiler even more dif-
ficult since there are now even stronger interdependencies between the
phases of the code generation. For instance, which instruction (and
thereby also functional unit) is selected for an operation influences to
which register the produced value may be written. See Figure 1.1 for
an illustration of a clustered VLIW architecture.

1.3 Retargetable code generation and the
Optimist framework

Creating a compiler is not an easy task, it is generally very time con-
suming and expensive. Hence, it would be good to have compilers
that can be targeted to different architectures in a simple way. One
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c−program

IR−DAG

CG ILP

Parameters

Optimal code

LCC FE

ARCHITECTURE

CG DP

CPLEX

XADML parser

Architecture
description

Figure 1.2: Overview of the Optimist compiler.

approach to creating such compilers is called retargetable compiling
where the basic idea is to supply an architecture description to the
compiler (or to a compiler generator, which creates a compiler for
the described architecture). Assuming that the architecture descrip-
tion language is general enough, the task of creating a compiler for
a certain architecture is then as simple as describing the architec-
ture in this language. A more thorough treatment on the subject of
retargetable compiling can be found in [55].
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1.3.1 The Optimist framework

For the implementations in this thesis we use the retargetable Opti-
mist framework [48]. Optimist uses a modified LCC (Little C Com-
piler) [32] as front end to parse C-code and generate Boost [13] graphs
that are used, together with a processor description, as input to a
pluggable code generator. Already existing integrated code genera-
tors in the Optimist framework are based on:

• Dynamic programming (DP), where the optimal solution is se-
arched for in the solution space by intelligent enumeration [51].

• Integer linear programming (ILP), in which parameters are gen-
erated that can be passed on, together with a mathematical
model, to an ILP solver such as CPLEX [41] or GLPK [64].
This method was limited to single cluster architectures [10].
This model is improved and generalized in the work described
in this thesis.

• A simple heuristic, which is basically the DP method modified
to not be exhaustive with regard to scheduling [51]. In this
thesis we add a heuristic based on genetic algorithms.

The architecture description language of Optimist is called Extended
architecture description markup language (xADML) [8]. This lan-
guage is versatile enough to describe clustered, pipelined, irregular
and asymmetric VLIW architectures.

1.4 Contributions

The contributions of the work presented in this thesis are:

1. The ILP-model [10] is extended to handle clustered VLIW ar-
chitectures. To our knowledge, no such formulation exists in
the literature. In addition to adding support for clusters we
also extend the model to: handle data dependences in memory,
allow nodes of the IR which do not have to be covered by in-
structions (e.g. IR nodes representing constants), and to allow
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spill code generation to be integrated with the other phases of
code generation.

2. A new heuristic based on genetic algorithms is created which
solves the integrated code generation problem. This algorithm
is also parallelized with the master-slave paradigm, allowing for
faster compilation times.

3. We show how to extend the integer linear programming model
to also integrate modulo scheduling.

4. And finally we prove theoretical results on how and when the
search space of our modulo scheduling algorithm may be limited
from a possibly infinite size to a finite size.

1.5 List of publications

Much of the material in this thesis has previously been published as
parts of the following publications:

• Mattias V. Eriksson, Oskar Skoog, Christoph W. Kessler. Opti-
mal vs. heuristic integrated code generation for clustered VLIW
architectures. SCOPES ’08: Proceedings of the 11th interna-
tional workshop on Software & compilers for embedded systems.
— Contains the first integer linear programming model for the
acyclic case and a description of the genetic algorithm [25].

• Mattias V. Eriksson, Christoph W. Kessler. Integrated Mod-
ulo Scheduling for Clustered VLIW Architectures. To appear
in HiPEAC-2009 High-Performance and Embedded Architecture
and Compilers, Paphos, Cyprus, Jan. 2009. Springer LNCS. —
Includes an improved integer linear programming model for the
acyclic case and an extension to modulo scheduling. This paper
is also where the theoretical part on optimality of the modulo
scheduling algorithm was first presented [24].
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• Christoph W. Kessler, Andrzej Bednarski and Mattias Eriks-
son. Classification and generation of schedules for VLIW pro-
cessors. Concurrency and Computation: Practice and Experi-
ence 19:2369-2389, Wiley, 2007. — Contains a classification of
acyclic VLIW schedules and is where the concept of dawdling
schedules was first presented [49].

1.6 Thesis outline

The remainder of this thesis is organized as follows:

• Chapter 2 contains our integrated code generation methods for
the acyclic case: First the integer linear programming model,
and then the genetic algorithm. This chapter also contains the
experimental comparison of the two methods.

• In Chapter 3 we extend the integer linear programming model
to modulo scheduling. Additionally we show the algorithm and
prove how the search space can be made finite.

• Chapter 4 shows related work in acyclic and cyclic integrated
code generation.

• Chapter 5 lists topics for future work.

• Chapter 6 concludes the thesis.

• In Appendix A we show listings used for the evaluation in Chap-
ter 3.
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Chapter 2

Integrated code generation for
basic blocks

This chapter describes two methods for integrated code generation for
basic blocks1. The first method is exact and based on integer linear
programming. The second method is a heuristic based on genetic
algorithms. These two methods are compared experimentally.

2.1 Integer linear programming formulation

For optimal code generation we use an integer linear programming
formulation. In this section we will first introduce all parameters and
variables which are used by the CPLEX solver to generate a schedule
with minimal execution time. Then, we introduce the integer linear
programming formulation for basic block scheduling. This model inte-
grates instruction selection (including cluster assignment), instruction
scheduling and register allocation.

In previous work within the Optimist project an integer linear pro-
gramming method was compared to the dynamic programming me-
thod [10]. This study used a simple hypothetical non-clustered ar-
chitecture. An advantage that integer linear programing has over
dynamic programming is that a mathematical precise description is

1A basic block is a block of code that contains no jump instructions and no other
jump targets than the beginning of the block. I.e., when the flow of control
enters the basic block all of the operations in the block are executed exactly
once.
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generated as a side effect. Also, the integer linear programming model
is easier to extend to modulo scheduling.

2.1.1 Optimization parameters and variables

Data flow graph

The data flow graph of a basic block is modeled as a directed acyclic
graph (DAG) G = (V, E), where E = E1 ∪E2 ∪Em. The set V is the
set of intermediate representation (IR) nodes, the sets E1, E2 ⊂ V ×V
represent edges between operations and their first and second operand
respectively. Em ⊂ V × V represent data dependences in memory.
The integer parameters Opi and Outdg i describe operators and out-
degrees of the IR node i ∈ V , respectively.

Instruction set

The instructions of the target machine are modeled by the set P of
patterns. P consists of the set P1 of singletons, which only cover one
IR node, the set P2+ of composites, which cover multiple IR nodes,
and the set P0 of patterns for non-issue instructions. The non-issue
instructions are needed when there are IR nodes in V that do not have
to be covered by an instruction, e.g. an IR node representing a con-
stant value that needs not be loaded into a register to be used. The
IR is low level enough so that all patterns model exactly one (or zero
in the case of constants) instructions of the target machine. When
we use the term pattern we mean a pair consisting of one instruction
and a set of IR-nodes that the instruction can implement. I.e., an
instruction can be paired with different sets of IR-nodes and a set of
IR-nodes can paired with more than one instruction. For instance,
on the TI-C62x an addition can be done with one of twelve differ-
ent instructions (not counting the multiply-and-accumulate instruc-
tions): ADD.L1, ADD.L2, ADD.S1, ADD.S2, ADD.D1, ADD.D2, ADD.L1X,
ADD.L2X, ADD.S1X, ADD.S2X, ADD.D1X or ADD.D2X.

For each pattern p ∈ P2+ ∪ P1 we have a set Bp = {1, . . . , np} of
generic nodes for the pattern. For composites we have np > 1 and
for singletons np = 1. For composite patterns p ∈ P2+ we also have
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.L2.S2.M2.D2.L1 .S1 .D1

Register file B (B0−B15)

.M1

Register file A (A0−A15)

X2X1

Figure 2.1: The Texas Instruments TI-C62x processor has two regis-
ter banks and 8 functional units [81]. The crosspaths X1 and X2 are
modeled as resources, too.

EPp ⊂ Bp × Bp, the set of edges between the generic pattern nodes.
Each node k ∈ Bp of the pattern p ∈ P2+ ∪ P1 has an associated
operator number OPp,k which relates to operators of IR nodes. Also,
each p ∈ P has a latency Lp, meaning that if p is scheduled at time
slot t the result of p is available at time slot t + Lp.

Resources and register sets

For the integer linear programming model we assume that the func-
tional units are fully pipelined. We model the resources of the target
machine with the set F and the register banks by the set RS. The
binary parameter Up,f,o is 1 iff the instruction with pattern p ∈ P uses
the resource f ∈ F at time step o relative to the issue time. Note that
this allows for multiblock [49] and irregular reservation tables [77]. Rr

is a parameter describing the number of registers in the register bank
r ∈ RS. The issue width is modeled by ω, i.e. the maximum number
of instructions that may be issued at any time slot.

For modeling transfers between register banks we do not use regular
instructions (note that transfers, like spill instructions, do not cover
nodes in the DAG). Instead we use the integer parameter LX r,s to
model the latency of a transfer from r ∈ RS to s ∈ RS. If no such
transfer instruction exists we set LX r,s = ∞. And for resource usage,
the binary parameter UX r,s,f is 1 iff a transfer from r ∈ RS to s ∈ RS
uses resource f ∈ F . See Figure 2.1 for an illustration of a clustered
architecture.
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Lastly, we have the sets PDr,PS1 r,PS2 r ⊂ P which, for all r ∈
RS, contain the pattern p ∈ P iff p stores its result in r, takes its
first operand from r or takes its second operand from r, respectively.

Solution variables

The parameter tmax gives the last time slot on which an instruction
may be scheduled. We also define the set T = {0, 1, 2, . . . , tmax},
i.e. the set of time slots on which an instruction may be scheduled.
For the acyclic case tmax is incremented until a solution is found.

So far we have only mentioned the parameters that describe the op-
timization problem. Now we introduce the solution variables which
define the solution space. We have the following binary solution vari-
ables:

• ci,p,k,t, which is 1 iff IR node i ∈ V is covered by k ∈ Bp, where
p ∈ P , issued at time t ∈ T .

• wi,j,p,t,k,l, which is 1 iff the DAG edge (i, j) ∈ E1∪E2 is covered
at time t ∈ T by the pattern edge (k, l) ∈ EPp where p ∈ P2+

is a composite pattern.

• sp,t, which is 1 iff the instruction with pattern p ∈ P2+ is issued
at time t ∈ T .

• xi,r,s,t, which is 1 iff the result from IR node i ∈ V is transfered
from r ∈ RS to s ∈ RS at time t ∈ T .

• rrr ,i,t, which is 1 iff the value corresponding to the IR node i ∈ V
is available in register bank rr ∈ RS at time slot t ∈ T .

We also have the following integer solution variable:

• τ is the first clock cycle on which all latencies of executed in-
structions have expired.
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2.1.2 Removing impossible schedule slots

We can significantly reduce the number of variables in the model by
performing soonest-latest analysis [60] on the nodes of the graph2.
Let Lmin(i) be 0 if the node i ∈ V may be covered by a composite
pattern, and the lowest latency of any instruction p ∈ P1 that may
cover the node i ∈ V otherwise.

Let pre(i) = {j : (j, i) ∈ E} and succ(i) = {j : (i, j) ∈ E}. We can
recursively calculate the soonest and latest time slot on which node i
may be scheduled:

soonest ′(i) =
{

0 , if |pre(i)| = 0
maxj∈pre(i){soonest ′(j) + Lmin(j)} , otherwise

(2.1)

latest ′(i) =
{

tmax , if |succ(i)| = 0
maxj∈succ(i){latest ′(j)− Lmin(i)} , otherwise

(2.2)
Ti = {soonest ′(i), . . . , latest ′(i)} (2.3)

We can also remove all the variables in c where no node in the pattern
p ∈ P has an operator number matching i. Mathematically we can
say that the matrix c of variables is sparse; the constraints dealing
with c must be written to take this into account. In the following
mathematical presentation ci,p,k,t is taken to be 0 if t /∈ Ti for sim-
plicity of presentation.

2.1.3 Optimization constraints

Optimization objective

The objective of the integer linear program is to minimize the execu-
tion time:

min τ (2.4)

The execution time is the latest time slot where any instruction ter-
minates. For efficiency we only need to check for execution times

2The measurements in Section 2.3 of this chapter do not include this optimization
with soonest-latest analysis. In Chapter 3 this optimization is extended to
loop-carried dependences and is used for all the experiments.
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b

c

a

pc

b a

(i) (ii)

Figure 2.2: (i) Pattern p can not cover the set of nodes since there is
another outgoing edge from b, (ii) p covers nodes a, b, c.

for instructions covering an IR node with out-degree 0, let Vroot =
{i ∈ V : Outdg i = 0}:

∀i ∈ Vroot, ∀p ∈ P, ∀k ∈ Bp, ∀t ∈ T, ci,p,k,t(t + Lp) ≤ τ (2.5)

Node and edge covering

Exactly one instruction must cover each IR node:

∀i ∈ V,
∑

p∈P

∑

k∈Bp

∑

t∈T

ci,p,k,t = 1 (2.6)

Equation 2.7 sets sp,t = 1 iff the composite pattern p ∈ P2+ is used
at time t ∈ T . This equation also guarantees that either all or none
of the generic nodes k ∈ Bp are used at a time slot:

∀p ∈ P2+ , ∀t ∈ T, ∀k ∈ Bp

∑

i∈V

ci,p,k,t = sp,t (2.7)

An edge within a composite pattern may only be active if there is a
corresponding edge (i, j) in the DAG and both i and j are covered by
the pattern, see Figure 2.2:

∀(i, j) ∈ E1 ∪ E2, ∀p ∈ P2+ , ∀t ∈ T, ∀(k, l) ∈ EPp,

2wi,j,p,t,k,l ≤ ci,p,k,t + cj,p,l,t (2.8)
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If a generic pattern node covers an IR node, the generic pattern node
and the IR node must have the same operator number:

∀i ∈ V, ∀p ∈ P, ∀k ∈ Bp, ∀t ∈ T, ci,p,k,t(Opi −OPp,k) = 0 (2.9)

Register values

A value may only be present in a register bank if: it was just put
there by an instruction, it was available there in the previous time
step, or just transfered to there from another register bank:

∀rr ∈ RS, ∀i ∈ V, ∀t ∈ T,

rrr ,i,t ≤
∑

p∈PDrr∩P
k∈Bp

ci,p,k,t−Lp + rrr ,i,t−1 +
∑

rs∈RS
(xi,rs,rr ,t−LX rs,rr )

(2.10)

The operand to an instruction must be available in the correct reg-
ister bank when we use it. A limitation of this formulation is that
composite patterns must have all operands and results in the same
register bank:

∀(i, j) ∈ E1 ∪ E2, ∀t ∈ T, ∀rr ∈ RS,

BIG · rrr ,i,t ≥
∑

p∈PDrr∩P2+

k∈Bp


cj,p,k,t − BIG ·

∑

(k,l)∈EPp

wi,j,p,t,k,l




(2.11)

where BIG is a large integer value.
Internal values in a composite pattern must not be put into a regis-

ter (e.g. the multiply value in a multiply-and-accumulate instruction):

∀p ∈ P2+ , ∀(k, l) ∈ EPp, ∀(i, j) ∈ E1 ∪ E2,

∑

rr∈RS

∑

t∈T

rrr ,i,t ≤ BIG ·
(

1−
∑

t∈T

wi,j,p,t,k,l

)
(2.12)
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If they exist, the first operand (Equation 2.13) and the second operand
(Equation 2.14) must be available when they are used:

∀(i, j) ∈ E1, ∀t ∈ T, ∀rr ∈ RS, BIG · rrr ,i,t ≥
∑

p∈PS1 rr∩P1
k∈Bp

cj,p,k,t

(2.13)

∀(i, j) ∈ E2, ∀t ∈ T, ∀rr ∈ RS, BIG · rrr ,i,t ≥
∑

p∈PS2 rr∩P1
k∈Bp

cj,p,k,t

(2.14)

Transfers may only occur if the source value is available:

∀i ∈ V, ∀t ∈ T, ∀rr ∈ RS, rrr ,i,t ≥
∑

rq∈RS
xi,rr ,rq,t (2.15)

Memory data dependences

Equation 2.16 ensures that data dependences in memory are not vi-
olated, adapted from [34]:

∀(i, j) ∈ Em, ∀t ∈ T
∑

p∈P

t∑

tj=0

cj,p,1,tj +
∑

p∈P

tmax∑

ti=t−Lp+1

ci,p,1,ti ≤ 1

(2.16)

Resources

We must not exceed the number of available registers in a register
bank at any time:

∀t ∈ T, ∀rr ∈ RS,
∑

i∈V

rrr ,i,t ≤ Rrr (2.17)

Condition 2.18 ensures that no resource is used more than once at
each time slot:
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∀t ∈ T, ∀f ∈ F ,

∑

p∈P2+

o∈N

Up,f,osp,t−o +
∑

p∈P1
i∈V

k∈Bp

Up,f,oci,p,k,t−o +
∑

i∈V
(rr ,rq)∈(RS×RS)

UX rr ,rq,fxi,rr ,rq,t ≤ 1

(2.18)
And, lastly, Condition 2.19 guarantees that we never exceed the issue
width:

∀t ∈ T,
∑

p∈P2+

sp,t +
∑

p∈P1
i∈V

k∈Bp

ci,p,k,t +
∑

i∈V
(rr ,rq)∈(RS×RS)

xi,rr ,rq,t ≤ ω (2.19)

2.2 The genetic algorithm

The previous section presented an algorithm for optimal integrated
code generation. Optimal solutions are of course preferred, but for
large problem instances the time required to solve the integer linear
program to optimality may be too long. For these cases we need
a heuristic method. Kessler and Bednarski present a variant of list
scheduling [51] in which a search of the solution space is performed
for one order of the IR nodes. The search is exhaustive with regard to
instruction selection and transfers but not exhaustive with regard to
scheduling. We call this heuristic HS1. The HS1 heuristic is very fast
for most basic blocks but often does not achieve great results. We
need a better heuristic and bring our attention to genetic algorithms.

A genetic algorithm [35] is a heuristic method which may be used to
search for good solutions to optimization problems with large solution
spaces. The idea is to mimic the process of natural selection, where
stronger individuals have better chances to survive and spread their
genes.

The creation of the initial population works similarly to the HS1
heuristic; there is a fixed order in which the IR nodes are considered
and for each IR node we chose a random instruction that can cover
the node and also, with a certain probability, a transfer instruction
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for one of the alive values at the reference time (the latest time slot
on which an instruction is scheduled). The selected instructions are
appended to the partial schedule of already scheduled nodes. Every
new instruction that is appended is scheduled at the first time slot
larger than or equal to the reference time of the partial schedule, such
that all dependences and resource constraints are respected. (This is
called in-order compaction, see [49] for a detailed discussion.)

From each individual in the population we then extract the follow-
ing genes:

• The order in which the IR nodes were considered.

• The transfer instructions that were selected, if any, when each
IR node was considered for instruction selection and scheduling.

• The instruction that was selected to cover each IR node (or
group of IR nodes).

Example 1. For the DAG in Figure 2.3, which depicts the IR DAG
for the basic block consisting of the calculation a = a + b; we have a
valid schedule:

LDW .D1 _a, A15 || LDW .D2 _b, B15
NOP ; Latency of a load is 5
NOP
NOP
NOP
ADD .D1X A15, B15, A15
MV .L1 _a, A15

with a TI C62x [81] like architecture. From this schedule and the
DAG we can extract the node order {1, 5, 3, 4, 2, 0} (nodes 1 and 5
represent symbols and do not need to be covered). To this node order
we have the instruction priority map {1 → NULL, 5 → NULL, 3 →
“LDW.D1′′, 4 → “LDW.D2′′, 2 → “ADD.D1X′′, 0 → “MV.L1′′}. And
the schedule has no explicit transfers, so the transfer map is empty.
(This is a simplification, in reality we need to store more information
about the exact instruction in the instruction map, see [51] for details
on time profiles and space profiles.)
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Figure 2.3: A compiler generated DAG of the basic block representing
the calculation a = a + b;. The vid attribute gives the node index for
each IR node.

2.2.1 Evolution operations

All that we now need to perform the evolution of the individuals are: a
fitness calculation method for comparing the goodness of individuals,
a selection method for choosing parents, a crossover operation which
takes two parents and creates two children, methods for mutation of
individual genes and a survival method for choosing which individuals
survive into the next generation.

Fitness

The fitness of an individual is the execution time, i.e. the time slot
when all scheduled instructions have terminated (cf. τ in the previous
section).
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Selection

For the selection of parents we use binary tournament, in which four
individuals are selected randomly and the one with best fitness of the
first two is selected as the first parent and the best one of the other
two for the other parent.

Crossover

The crossover operation takes two parent individuals and uses their
genes to create two children. The children are created by first finding
a crossover point on which the parents match. Consider two parents,
p1 and p2, and partial schedules for the first n IR nodes that are
selected, with the instructions from the parents instruction priority
and transfer priority maps. We say that n is a matching point of p1

and p2 if the two partial schedules have the same pipeline status at
the reference time (the last time slot for which an instruction was
scheduled), i.e. the partial schedules have the same pending latencies
for the same values and have the same resource usage for the reference
time and future time slots. Once a matching point is found, doing
the crossover is straight forward; we simply concatenate the first n
genes of p1 with the remaining genes of p2 and vice versa. Now these
two new individuals generate valid schedules with high probability. If
no matching point is found we select new parents for the crossover.
If there is more than one matching point, one of them is selected
randomly for the crossover.

Mutation

Next, when children have been created they can be mutated in three
ways:

1. Change the positions of two nodes in the node order of the indi-
vidual. The two nodes must not have any dependence between
them.

2. Change the instruction priority of an element in the instruction
priority map.
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3. Remove a transfer from the transfer priority map.

Survival

Selecting which individuals survive into the next generation is con-
trolled by two parameters to the algorithm.

1. We can either allow or disallow individuals to survive into the
next generation, and

2. selecting survivors may be done by truncation, where the best
(smallest execution time) survives, or by the roulette wheel me-
thod, in which individual i, with execution time τi, survives with
a probability proportional to τw − τi, where τw is the execution
time of the worst individual.

We have empirically found the roulette wheel selection method to give
the best results and use it for all the following tests.

2.2.2 Parallelization of the algorithm

We have implemented the genetic algorithm in the Optimist frame-
work and found by profiling the algorithm that the largest part of
the execution time is spent in creating individuals from gene infor-
mation. The time required for the crossover and mutation phase is
almost negligible. We note that the creation of the individuals from
genes is easily parallelizable with the master-slave paradigm. This
is implemented by using one thread per individual in the popula-
tion which performs the creation of the schedules from its genes, see
Figure 2.4 for a code listing showing how it can be done. The syn-
chronization required for the threads is very cheap, and we achieve
good speedup as can be seen in Table 2.1. The tests are run on a
machine with two cores and the average speedup is close to 2. The
reason why speedups larger than 2 occur is that the parallel and non-
parallel algorithm do not generate random numbers in the same way,
i.e., they do not run the exact same calculations and do not achieve
the exact same final solution. The price we pay for the parallelization
is a somewhat increased memory usage.
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class t h r e ad c r e a t e s c h edu l e a r g {
public :

I nd i v i dua l ∗∗ ind ;
Populat ion ∗ pop ;
int nr ;
sem t ∗ s ta r t , ∗ done ;

} ;

void Populat ion : : c r e a t e s c h edu l e s ( i n d i v i d u a l s t& i n d i v i d u a l s )
{

/∗ Create s chedu l e s in p a r a l l e l ∗/
for ( int i = 0 ; i < i n d i v i d u a l s . s i z e ( ) ; i++){

/∗ pack the arguments in arg [ i ] ( known by s l a v e i ) ∗/
arg [ i ] . ind = &( i n d i v i d u a l s [ i ] ) ;
arg [ i ] . pop = this ;
/∗ l e t s l a v e i beg in ∗/
sem post ( arg [ i ] . s t a r t ) ;

}
/∗ Wait f o r a l l s l a v e s to f i n i s h ∗/
for ( int i =0; i < i n d i v i d u a l s . s i z e ( ) ; i++){

sem wait ( arg [ i ] . done ) ;
}

}

/∗ The s l a v e runs the f o l l ow i n g ∗/
void ∗ t h r e ad c r e a t e s ch edu l e ( void ∗ arg )
{

int nr = ( ( t h r e ad c r e a t e s c h edu l e a r g ∗) arg)−>nr ;
std : : cout << ”Thread ” << nr << ” s t a r t i n g ” << std : : endl ;
while (1 ){

sem wait ( ( ( t h r e ad c r e a t e s c h edu l e a r g ∗) arg)−> s t a r t ) ;
I nd i v i dua l ∗∗ ind = ( ( t h r e ad c r e a t e s c h edu l e a r g ∗) arg)−>ind ;
Populat ion ∗pop = ( ( t h r e ad c r e a t e s c h edu l e a r g ∗) arg)−>pop ;
pop−>c r e a t e s ch edu l e (∗ ind , false , false , true )
sem post ( ( ( t h r e ad c r e a t e s c h edu l e a r g ∗) arg)−>done ) ;

}
}

Figure 2.4: Code listing for the parallelization of the genetic algo-
rithm.
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Popsize ts(s) tp(s) Speedup
8 51.9 27.9 1.86

24 182.0 85.2 2.14
48 351.5 165.5 2.12
96 644.78 349.1 1.85

Table 2.1: The table shows execution times for the serial algorithm
(ts), as well as for the algorithm using pthreads (tp). The tests are
run on a machine with two cores.

2.3 Results

All tests were performed on an Athlon X2 6000+, 64-bit, dual core,
3 GHz processor with 4 GB RAM, 1 MB L2 cache, and 2× 2× 64 kB
L1 cache. The genetic algorithm implementation was compiled with
gcc at optimization level -O2. The version of CPLEX is 10.2. All
execution times are measured in wall clock time.

The target architecture that we use is for all experiments in this
chapter is a slight variation of the TI-C62x (we have added division
instructions which are not supported by the hardware). This is a
VLIW architecture with dual register banks and an issue width of 8.
Each bank has 16 registers and 4 functional units: L, M, S and D.
There are also two cross cluster paths: X1 and X2. See Figure 2.1 for
an illustration.

2.3.1 Convergence behavior of the genetic algorithm

The parameters to the GA can be configured in a large number of
ways. Here we will only look at 4 different configurations and pick the
one that looks most promising for further tests. The configurations
are

• GA0: All mutation probabilities 50%, 50 individuals and no
parents survive.

• GA1: All mutation probabilities 75%, 10 individuals and par-
ents survive.
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Figure 2.5: A plot of the progress of the best individual at each
generation for 4 different parameter configurations. The best result,
τ = 77, is found with GA1 — 10 individuals, 75% mutation proba-
bility with the parents survive strategy. For comparison, running a
random search 34’000 times (corresponding to the same time budget
as for the GA algorithms) only gives a schedule with fitness 168.

• GA2: All mutation probabilities 25%, 100 individuals and no
parents survive.

• GA3: All mutation probabilities 50%, 50 individuals and par-
ents survive.

The basic block that we use for evaluating the parameter configu-
rations is a part of the inverse discrete cosine transform calculation in
Mediabench’s [54] mpeg2 decoding and encoding program. It is one
of our largest and hence very demanding test cases and contains 138
IR-nodes and 265 edges (data flow and memory dependences).
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Figure 2.5 shows the progress of the best individual in each genera-
tion for the four parameter configurations. The first thing we note is
that the test with the largest number of individuals, GA2, only runs
for a few seconds. The reason for this is that we run out of mem-
ory. We also observe that GA1, the test with 10 individuals and 75%
mutation probabilities achieves the best result, τ = 77. The GA1
progress is more bumpy than the other ones, the reason is twofold; a
low number of individuals means that we can create a larger number
of generations in the given time and the high mutation probability
means that the difference between individuals in one generation and
the next is larger.

A more stable progress is achieved by the GA0 parameter set where
the best individual rarely gets worse from one generation to the next.
If we compare GA0 to GA1 we would say that GA1 is risky and
aggressive, while GA0 is safe. Another interesting observation is that
GA0, which finds τ = 81, is better than GA3, which finds τ = 85.
While we can not conclude anything from this one test, this supports
the idea that if parents do not survive into the next generation, the
individuals in a generation are less likely to be similar to each other
and thus a larger part of the solution space is explored.

For the rest of the evaluation we use GA0 and GA1 since they look
most promising.

2.3.2 Comparing ILP and GA performance

We have compared the heuristics HS1 and GA to the optimal integer
linear programming method for integrated code generation on 81 basic
blocks from the Mediabench [54] benchmark suite. The basic blocks
were selected by taking all blocks with 25 or more IR nodes from the
mpeg2 and jpeg encoding and decoding programs. The size of the
largest basic block is 191 IR nodes.

The result of the evaluation is found in Tables 2.3, 2.4 and 2.5.
The first column, |G|, shows the size of the basic block, the second
column, BB, is a number which identifies a basic block in a source
file. The next 8 columns show the results of: the HS1 heuristic (see
Section 2.2), the GA heuristic with the parameter sets GA0 and GA1



26 Chapter 2 Integrated code generation for basic blocks

∆opt GA0 GA1
0 44 40
1 7 8
2 1 3
3 0 2
4 2 1
5 1 0
6 1 1
7 0 1

Table 2.2: Summary of results for cases where the optimal solution
is known. The column GA0 and GA1 shows the number of basic
blocks for which the genetic algorithm finds a solution ∆opt clock
cycles worse than the optimal.

(see Section 2.3.1) and the integer linear program execution (see Sec-
tion 2.1). The results of the integer linear programming does not
include the soonest-latest analysis described in Section 2.1.2. For
the integer linear programming case the results differ from previously
published results in [25]. The reason is that the constraints deal-
ing with data dependences in memory in the integer linear program
formulation have been improved.

The execution time (t(s)) is measured in seconds, and as expected
the HS1 heuristic is very fast for most cases. The execution times for
GA0 and GA1 are approximately between 650 and 800 seconds for
all tests. The reason why not all are identical is that we stopped the
execution after 1200 cpu seconds, i.e. the sum of execution times on
both cores of the host processor, or after the population had evolved
for 20000 generations. The time limit for the integer linear program-
ming tests was set to 900 seconds, cases where no solution was found
are marked with a ’-’.

Table 2.2 summarizes the results for the cases where the optimum
is known. We see that out of the 81 basic blocks the integer linear
programming method finds an optimal solution to 56 of them. We
also note that for these 56 cases where we know the optimal solution
GA0 finds a worse solution only in 12 cases, on average GA0 finds a
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result 0.5 cycles from the optimum when optimum is known. GA1
is worse in 16 cases, on average GA1 finds a result 0.66 cycles from
the optimum when optimum is known. The comparison between GA
and integer linear programming is not completely fair since GA is
parallelized and can utilize both cores of the host machine, however
the fact that it is simple to parallelize is one of the strengths of the
genetic algorithm method (CPLEX also has a parallel version, but
have not had an opportunity to test it since we do not have a license
for it).

The largest basic block that is solved to optimality by the inte-
ger linear programming method is Block 115 of jpeg jcsample which
contains 84 IR nodes (Table 2.4). After presolve it consists of 33627
variables and 16337 constraints and the solution time is 860 seconds.
We also see that there are examples of basic blocks that are smaller
in size (e.g. 30 IR nodes) that are not solved to optimality, hence the
time to optimally solve an instance does not only depend on the size
of the DAG, but also on other characteristics of the problem (such as
the amount of instruction level parallelism that is possible).

When comparing the results of GA0 and GA1 we see that GA1 is
better than GA0 in 9 cases and that GA0 is better than GA1 in 14
cases. They produce schedules with the same τ for the other 58 basic
blocks. I.e. we can not conclude that one of the parameter sets is
better than the other for all cases, but GA0 seems to perform slightly
better on average.
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HS1 GA0 GA1 ILP
|G| BB t(s) τ t(s) τ t(s) τ t(s) τ

idct — inverse discrete cosine transform

27 01 1 19 793 15 690 15 17 15
34 14 1 31 780 23 740 23 39 23
47 00 165 56 765 27 741 27 53 27

120 04 631 146 755 84 706 77 - -
138 17 533 166 746 107 702 106 - -

spatscal — spatial prediction

35 33 1 60 780 24 741 25 48 24
44 51 2 57 777 33 735 33 82 29
46 71 2 57 775 40 740 40 146 39

predict — motion compensated prediction

25 228 2 26 787 19 519 19 24 19
27 189 3 31 784 20 569 19 26 19
30 136 1 58 799 53 731 53 - -
30 283 5 41 782 18 747 18 22 18
30 50 1 43 793 42 673 42 - -
34 106 1 50 804 48 754 48 - -
35 93 1 51 805 40 756 40 - -
35 94 1 51 800 40 750 40 - -
36 107 1 50 797 44 759 44 - -
36 265 18 45 771 21 725 22 32 21
45 141 4 50 773 27 744 27 53 25

quantize — quantization

26 120 1 38 808 20 587 20 24 19
26 145 1 37 807 19 611 19 23 18
30 11 1 38 813 25 754 25 37 25
31 29 1 42 802 27 750 27 43 26

transfrm — forward/inverse transform

25 122 1 35 800 21 494 21 26 21
26 160 1 36 805 15 565 15 18 15
36 103 1 47 797 26 747 26 - -
36 43 1 47 796 26 745 26 - -
37 170 1 48 772 31 736 31 58 31

Table 2.3: Experimental results for the HS1, GA0, GA1 and ILP
methods of code generation. In the t columns we find the execution
time of the code generation and in the τ columns we see the execution
time of the generated schedule. The basic blocks are from the mpeg2
program.



2.3 Results 29

HS1 GA0 GA1 ILP
|G| BB t(s) τ t(s) τ t(s) τ t(s) τ

jcsample — downsampling

26 94 1 41 791 19 613 19 24 19
31 91 1 42 810 29 761 29 48 29
34 143 1 40 798 29 745 29 51 29
58 137 1 89 761 38 724 41 325 38
84 115 55 135 755 44 713 47 860 40
85 133 2 142 782 72 713 72 - -

109 111 53 186 737 74 697 74 - -

jdcolor — colorspace conversion

30 34 2 46 826 23 747 22 30 22
32 83 2 47 803 23 760 23 35 23
36 33 1 62 779 39 742 39 85 39
38 30 1 59 786 32 741 32 66 32
38 82 1 63 775 40 737 40 102 40
45 79 2 71 774 32 738 32 74 32

jdmerge — colorspace conversion

39 63 1 69 788 30 739 30 52 30
53 89 1 89 767 37 733 37 118 37
55 110 1 100 773 41 724 41 135 41
55 78 1 100 767 41 729 41 135 41
62 66 1 103 760 41 729 42 333 41
62 92 1 103 762 41 729 41 339 41

jdsample — upsampling

26 100 1 34 813 22 577 22 34 22
28 39 1 45 819 28 658 28 38 28
28 79 1 45 814 28 683 28 39 28
30 95 1 50 802 30 753 30 51 30
33 130 1 43 810 20 755 20 31 20
47 162 1 68 777 34 735 34 95 34
52 125 1 78 768 23 732 25 79 23

jfdctfst — forward discrete cosine transform

60 06 2 70 760 39 732 39 172 39
60 20 2 70 765 39 730 39 173 39
76 02 3 87 754 42 718 43 - -
76 16 3 87 772 45 714 42 - -

Table 2.4: Experimental results for the HS1, GA0, GA1 and ILP
methods of code generation. In the t columns we find the execution
time of the code generation and in the τ columns we see the execution
time of the generated schedule. The basic blocks are from the jpeg
program (part 1).
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HS1 GA0 GA1 ILP
|G| BB t(s) τ t(s) τ t(s) τ t(s) τ

jfdctint — forward discrete cosine transform

74 06 23 81 761 33 728 31 536 28
74 20 23 81 750 34 725 34 533 28
78 02 4 88 755 44 713 46 - -
80 16 4 89 764 43 717 45 - -

jidctflt — inverse discrete cosine transform

31 03 1 44 793 19 744 19 23 19
142 30 9 171 785 78 701 84 - -
164 16 47 189 768 95 696 101 - -

jidctfst — inverse discrete cosine transform

31 03 1 44 792 19 735 19 24 19
44 30 1 61 781 20 736 21 29 19

132 43 7 160 801 78 703 71 - -
162 16 46 196 786 102 704 99 - -

jidctint — inverse discrete cosine transform

31 03 1 44 790 19 737 19 24 19
44 30 1 61 777 19 736 20 29 19

166 43 275 204 773 134 696 127 - -
191 16 576 226 758 165 690 161 - -

jidctred — discrete cosine transform reduced output

27 06 1 38 801 18 727 18 21 18
32 63 1 43 806 16 755 16 20 16
35 78 1 63 796 38 740 38 96 38
40 23 1 55 785 18 741 19 24 18
47 70 1 64 778 40 736 40 129 40
79 56 4 101 777 36 719 39 - -
92 32 8 116 781 48 722 50 - -

118 14 30 145 782 58 712 69 - -

Table 2.5: Experimental results for the HS1, GA0, GA1 and ILP
methods of code generation. In the t columns we find the execution
time of the code generation and in the τ columns we see the execution
time of the generated schedule. The basic blocks are from the jpeg
program (part 2).
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Integrated modulo scheduling

In this chapter we extend the integer linear programming model in
Chapter 2 to modulo scheduling. We also show theoretical results on
an upper bound for the number of schedule slots.

3.1 Introduction

Many computationally intensive programs spend most of their execu-
tion time in a few inner loops. This makes it important to have good
methods for code generation for loops, since small improvements per
loop iteration can have a large impact on overall performance.

The back end of a compiler transforms an intermediate representa-
tion into executable code. This transformation is usually performed
in three phases: instruction selection selects which instructions to use,
instruction scheduling maps each instruction to a time slot and reg-
ister allocation selects in which registers a value is to be stored. Fur-
thermore the back end can also contain various optimization phases,
e.g. modulo scheduling for loops where the goal is to overlap iterations
of the loop and thereby increase the throughput.

It is beneficial to integrate the phases of the code generation since
this gives more opportunity for optimizations. However, this inte-
gration of phases comes at the cost of a greatly increased size of the
solution space. In Chapter 2 we gave an integer linear program for-
mulation for integrating instruction selection, instruction scheduling
and register allocation. In this chapter we will show how to extend
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Figure 3.1: An example showing how an acyclic schedule (i) can be
rearranged into a modulo schedule (ii), A-L are target instructions in
this example.

that formulation to also do modulo scheduling for loops. In contrast
to earlier approaches to optimal modulo scheduling, our method aims
to produce provably optimal modulo schedules with integrated cluster
assignment and instruction selection.

3.2 Extending the model to modulo scheduling

Software pipelining [16] is an optimization for loops where the fol-
lowing iterations of the loop are initiated before the current iteration
is finished. One well known kind of software pipelining is modulo
scheduling [76] where new iterations of the loop are issued at a fixed
rate determined by the initiation interval. For every loop the ini-
tiation interval has a lower bound MinII = max (ResMII ,RecMII ),
where ResMII is the bound determined by the available resources of
the processor, and RecMII is the bound determined by the critical
dependence cycle in the dependence graph describing the loop body.
Methods for calculating RecMII and ResMII are well documented in
e.g. [52].

With some work the model in Section 2.1 can be extended to also
integrate modulo scheduling. We note that a kernel can be formed
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from the schedule of a basic block by scheduling each operation mod-
ulo the initiation interval, see Figure 3.1. The modulo schedules that
we create have a corresponding acyclic schedule, and by the length of
a modulo schedule we mean tmax of the acyclic schedule. We also note
that creating a valid modulo schedule only adds constraints compared
to the basic block case.

First we need to model loop carried dependences by adding a dis-
tance: E1, E2, Em ⊂ V × V × N. The element (i, j, d) represents a
dependence from i to j which spans over d loop iterations. Obvi-
ously the graph is no longer a DAG since it may contain cycles. The
only thing we need to do to include loop distances in the model is
to change rrr ,i,t to: rrr ,i,t+d·II in Equations 2.11, 2.13 and 2.14, and
modify Equation 2.16 to

∀(i, j, d) ∈ Em, ∀t ∈ Text

∑

p∈P

t−II ·d∑

tj=0

cj,p,1,tj +
∑

p∈P

tmax+II ·dmax∑

ti=t−Lp+1

ci,p,1,ti ≤ 1

(3.1)

For this to work the initiation interval II must be a parameter to
the solver. To find the best initiation interval we must run the solver
several times with different values of the parameter. A problem with
this approach is that it is difficult to know when an optimal II is
reached if the optimal II is not RecMII or ResMII ; we will get back
to this problem in Section 3.3.

The slots on which instructions may be scheduled are defined by
tmax, and we do not need to change this for the modulo schedul-
ing extension to work. But when we model dependences spanning
over loop iterations we need to add extra time slots to model that
variables may be alive after the last instruction of an iteration is
scheduled. This extended set of time slots is modeled by the set
Text = {0, . . . , tmax + II · dmax} where dmax is the largest distance in
any of E1 and E2. We extend the variables in xi,r,s,t and rrr ,i,t so
that they have t ∈ Text instead of t ∈ T , this is enough since a value
created by an instruction scheduled at any t ≤ tmax will be read, at
latest, by an instruction dmax iterations later, see Figure 3.2 for an
illustration.
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Figure 3.2: An example showing why Text has enough time slots to
model the extended live ranges. Here dmax = 1 and II = 2 so any live
value from from Iteration 0 can not live after time slot tmax + II ·dmax

in the acyclic schedule.

3.2.1 Resource constraints

The inequalities in the previous section now only need a few further
modifications to also do modulo scheduling. The resource constraints
of the kind ∀t ∈ T, expr ≤ bound is modified to

∀to ∈ {0, 1, . . . , II − 1},
∑

t∈Text
t≡to(mod II )

expr ≤ bound

For instance, Inequality 2.17 becomes

∀to ∈ {0, 1, . . . , II − 1}, ∀rr ∈ RS,
∑

i∈V

∑

t∈Text
t≡to(mod II )

rrr ,i,t ≤ Rrr

(3.2)

Inequalities 2.18 and 2.19 are modified in the same way.
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Inequality 3.2 guarantees that the number of live values in each
register bank does not exceed the number of available registers. How-
ever if there are overlapping live ranges, i.e. when a value i is saved
at td and used at tu > td + II · ki for some positive integer ki > 1 the
values in consecutive iterations can not use the same register for this
value. We may solve this by doing variable modulo expansion [52].

3.2.2 Removing more variables

As we saw in Section 2.1.2 it is possible to improve the solution time
for the integer linear programming model by removing variables whose
values can be inferred.

Now we can take loop-carried dependences into account and find
improved bounds:

soonest(i) = max

{
soonest ′(i),
max(j,i,d)∈E

d6=0

(soonest ′(j) + Lmin(j)− II · d)}
}

(3.3)

latest(i) = max

{
latest ′(i),
max(i,j,d)∈E

d6=0

(
latest ′(j)− Lmin(i) + II · d)}

}

(3.4)
With these new derived parameters we create

Ti = {soonest(i), . . . , latest(i)} (3.5)

that we can use instead of the set T for the t-index of variable ci,p,k,t.
I.e., when solving the integer linear program, we do not consider the
variables of c that we know must be 0.

Equations 3.3 and 3.4 differ from Equations 2.1 and 2.2 in two ways:
they are not recursive and they need information about the initiation
interval. Hence, soonest ′ and latest ′ can be calculated when tmax is
known, before the integer linear program is run, while soonest and
latest can be derived parameters.
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Input: A graph of IR nodes G = (V,E), the lowest possible initiation
interval MinII , and the architecture parameters.
Output: Modulo schedule.
MaxII = tupper = ∞;
tmax = MinII ;
while tmax ≤ tupper do

Compute soonest ′ and latest ′ with the current tmax;
II = MinII ;
while II < min(tmax,MaxII ) do

solve integer linear program instance;
if solution found then

if II == MinII then
return solution; //This solution is optimal

fi
MaxII = II − 1 ; //Only search for better solutions.

fi
II = II + 1

od
tmax = tmax + 1

od

Figure 3.3: Pseudocode for the integrated modulo scheduling algo-
rithm.

3.3 The algorithm

Figure 3.3 shows the algorithm for finding a modulo schedule. The
algorithm explores a two-dimensional solution space as depicted in
Figure 3.4. The dimensions in this solution space are number of
schedule slots (tmax) and throughput (II ). Note that if there is no
solution with initiation interval MinII this algorithm never terminates
(we do not consider cases where II > tmax). In the next section we
will show how to make the algorithm terminate with optimal result
also in this case.

A valid alternative to this algorithm would be to set tmax to a
fixed sufficiently large value and then solve for the minimal II . A
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Not feasible
Feasible

BestII
MaxII

tmax

II

MinII

II = tmax

tupper

Figure 3.4: This figure shows the solution space of the algorithm.
BestII is the best initiation interval found so far. For some architec-
tures we can derive a bound, tupper , on the number of schedule slots,
tmax, such that any solution to the right of tupper can be moved to the
left by a simple transformation.

problem with this approach is that the solution time of the integer
linear program increases superlinearly with tmax. Therefore we find
that beginning with a low value of tmax and iteratively increase it
works best.

Our goal is to find solutions that are optimal in terms of through-
put, i.e. to find the minimal initiation interval. An alternative goal
is to also minimize code size, i.e. tmax, since large tmax leads to long
prologs and epilogs to the modulo scheduled loop. In other words:
the solutions found by our algorithm can be seen as pareto optimal
solutions with regards to throughput and code size where solutions
with smaller code size but larger initiation intervals are found first.
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3.3.1 Theoretical properties

In this section we will have a look at the theoretical properties of
Algorithm 3.3 and show how the algorithm can be modified so that
it finds optimal modulo schedules in finite time for a certain class of
architectures.

Definition 2. We say that a schedule s is dawdling if there is a time
slot t ∈ T such that (a) no instruction in s is issued at time t, and (b)
no instruction in s is running at time t, i.e. has been issued earlier
than t, occupies some resource at time t, and delivers its result at the
end of t or later [49].

Definition 3. The slack window of an instruction i in a schedule
s is a sequence of time slots on which i may be scheduled without
interfering with another instruction in s. And we say that a schedule
is n-dawdling if each instruction has a slack window of at most n
positions.

Definition 4. We say that an architecture is transfer free if all in-
structions except NOP must cover a node in the IR graph. I.e., no
extra instructions such as transfers between clusters may be issued
unless they cover IR nodes. We also require that the register file sizes
of the architecture are unbounded.

Lemma 5. For a transfer free architecture every non-dawdling sched-
ule for the data flow graph (V, E) has length

tmax ≤
∑

i∈V

L̂(i)

where L̂(i) is the maximal latency of any instruction covering IR node
i (composite patterns need to replicate L̂(i) over all covered nodes).

Proof. Since the architecture is transfer free only instructions cov-
ering IR nodes exist in the schedule, and each of these instructions
are active at most L̂(i) time units. Furthermore we never need to
insert dawdling NOPs to satisfy dependences of the kind (i, j, d) ∈ E;
consider the two cases:



3.3 The algorithm 39

(a) ti ≤ tj : Let L(i) be the latency of the instruction covering i. If
there is a time slot t between the point where i is finished and
j begins which is not used for another instruction then t is a
dawdling time slot and may be removed without violating the
lower bound of j: tj ≥ ti + L(i)− d · II , since d · II ≥ 0.

(b) ti > tj : Let L(i) be the latency of the instruction covering i. If
there is a time slot t between the point where j ends and the
point where i begins which is not used for another instruction
this may be removed without violating the upper bound of i:
ti ≤ tj + d · II − L(i). (ti is decreased when removing the
dawdling time slot.) This is where we need the assumption
of unlimited register files, since decreasing ti increases the live
range of i, possibly increasing the register need of the modulo
schedule (see Figure 4.1 for such a case).

Corollary 6. An n-dawdling schedule for the data flow graph (V,E)
has length

tmax ≤
∑

i∈V

(L̂(i) + n− 1) .

Lemma 7. If a modulo schedule s with initiation interval II has an
instruction i with a slack window of size at least 2II time units, then
s can be shortened by II time units and still be a modulo schedule
with initiation interval II .

Proof. If i is scheduled in the first half of its slack window the last
II time slots in the window may be removed and all instructions will
keep their position in the modulo reservation table. Likewise, if i is
scheduled in the last half of the slack window the first II time slots
may be removed.

Theorem 8. For a transfer free architecture, if there does not exist a
modulo schedule with initiation interval ĨI and tmax ≤

∑
i∈V (L̂(i) +

2ĨI − 1) there exists no modulo schedule with initiation interval ĨI .
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Proof. Assume that there exists a modulo schedule s with initiation
interval ĨI and tmax >

∑
i∈V (L̂(i) + 2ĨI − 1). Also assume that

there exists no modulo schedule with the same initiation interval and
tmax ≤

∑
i∈V (L̂(i) + 2ĨI − 1). Then, by Lemma 5, there exists an

instruction i in s with a slack window larger than 2ĨI−1 and hence, by
Lemma 7, s may be shortened by ĨI time units and still be a modulo
schedule with the same initiation interval. If the shortened schedule
still has tmax >

∑
i∈V (L̂(i) + 2ĨI − 1) it may be shortened again, and

again, until the resulting schedule has tmax ≤
∑

i∈V (L̂(i) + 2ĨI − 1).

Corollary 9. We can guarantee optimality in the algorithm in Sec-
tion 3.3 for transfer free architectures if, every time we find an im-
proved II , we set tupper =

∑
i∈V (L̂(i) + 2(II − 1)− 1).

3.4 Experiments

The experiments were run on a computer with an Athlon X2 6000+
processor with 4 GB RAM. The version of CPLEX is 10.2.

3.4.1 A contrived example

First let us consider an example that demonstrates how Corollary 9
can be used. Figure 3.5 shows a graph of an example program with
4 multiplications. Consider the case where we have a non-clustered
architecture with one functional unit which can perform pipelined
multiplications with latency 2. Clearly, for this example we have
RecMII = 6 and ResMII = 4, but an initiation interval of 6 is im-
possible since IR-nodes 1 and 2 may not be issued at the same clock
cycle. When we run the algorithm we quickly find a modulo schedule
with initiation interval 7, but since this is larger than MinII the al-
gorithm can not determine if it is the optimal solution. Now we can
use Corollary 9 to find that an upper bound of 18 can be set on tmax.
If no improved modulo schedule is found where tmax = 18 then the
modulo schedule with initiation interval 7 is optimal. This example
is solved to optimality in 18 seconds by our algorithm.
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5 CNSTI44 CNSTI4

2 MULI41 MULI4

3 MULI4

0 MULI4

d=1 d=1

Figure 3.5: A loop body with 4 multiplications. The edges between
Node 3 and Node 0 are loop carried dependences with distance 1.

3.4.2 DSPSTONE kernels

Table 3.1 shows the results of our experiments with the algorithm
from Section 3.3. We used 5 target architectures, all variations of the
Texas Instruments TI-C62x DSP processor [81]:

• single: single cluster, no MAC, no transfers and no spill,

• trfree: 2 clusters, no MAC, no transfers and no spill,

• mac: 2 clusters, with MAC, no transfers and no spill,

• mac tr: 2 clusters, with MAC and transfers, no spill,

• mac tr spill: 2 clusters, with MAC, transfers and spill.

The kernels are taken from the DSPSTONE benchmark suite [85]
and the dependence graphs were generated by hand. The columns
marked II shows the found initiation interval and the columns marked
tmax shows the schedule length. The IR does not contain branch
instructions, and the load instructions are side effect free (i.e. no auto
increment of pointers).

The time limit for each individual integer linear program instance
was set to 3600 seconds and the time limit for the entire algorithm
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was set to 7200 seconds. If the algorithm timed out before an optimal
solution was found the largest considered schedule length is displayed
in the column marked To. We see in the results that the algorithm
finds optimal results for the dotp, fir and biquad_N kernels within
minutes for all architectures. For the n_complex_updates kernel an
optimal solution for the single cluster architecture is found and for the
other architectures the algorithm times out before we can determine
if the found modulo schedule is optimal. Also for the iir kernel the
algorithm times out long before we can rule out the existence of better
modulo schedules.

We can conclude from these experiments that while the algorithm
in Section 3.3 theoretically produces optimal results for transfer free
architectures with the tupper bound of Corollary 9, it is not realistic
to use for even medium sized kernels because of the time required to
solve big integer linear programming instances. However, in all cases,
the algorithm finds a schedule with initiation interval within 3 of the
optimum.
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Architecture MinII II tmax time(s) To
single 5 5 17 36 -
trfree 3 3 16 41 -
mac 3 3 15 51 -
mac tr 3 3 15 51 -
mac tr spill 3 3 15 55 -

(a) dotp, |V | = 14

Architecture MinII II tmax time(s) To
single 6 6 19 45 -
trfree 3 3 16 33 -
mac 3 3 16 63 -
mac tr 3 3 16 65 -
mac tr spill 3 3 16 69 -

(b) FIR, |V | = 20

Architecture MinII II tmax time(s) To
single 8 8 12 15 -
trfree 4 6 10 23 13
mac 4 6 10 65 12
mac tr 4 6 10 1434 11
mac tr spill 4 6 10 2128 11

(c) n complex updates, |V | = 27

Architecture MinII II tmax time(s) To
single 9 9 14 20 -
trfree 5 5 13 33 -
mac 5 5 13 63 -
mac tr 5 5 13 92 -
mac tr spill 5 5 13 191 -

(d) biquad N, |V | = 30

Architecture MinII II tmax time(s) To
single 18 21 35 179 39
trfree 18 19 31 92 72
mac 17 19 31 522 35
mac tr 17 20 29 4080 30
mac tr spill 17 20 29 4196 30

(e) IIR, |V | = 38

Table 3.1: Experimental results with 5 DSPSTONE kernels on 5 dif-
ferent architectures.
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Chapter 4

Related work

Much work has been done in the area of code generation and software
pipelining. In this chapter we list some of the related work both for
the basic blocks and for modulo scheduling.

4.1 Integrated code generation for basic blocks

4.1.1 Optimal methods

Kästner [43, 44] has developed a retargetable phase coupled code
generator which can produce optimal schedules by solving a generated
integer linear program in a postpass optimizer. Two integer linear
programming models are given. The first one is time based, like ours,
and assigns events to points in time. The second formulation is order
based where the order of events is optimized, and the assignment to
points in time is implicit. The advantage of the second model is that
it can be flow-based such that the resources flow from one instruction
to the next, and this allows for efficient integer linear program models
in some cases.

Wilken et al. [87] have presented an integer linear programming
formulation for instruction scheduling for basic blocks. They also
discuss how DAG transformations can be used to make the problem
easier to solve without affecting the optimality of the solution. The
machine model which they use is rather simple.
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Wilson et al. [88] created an integer linear programming model
for the integrated code generation problem with included instruction
selection. This formulation is limited to non-pipelined, single issue
architectures.

A constraint programming approach to optimal instruction schedul-
ing of superblocks1 for realistic architecture was given by Malik et
al. [65]. The method was shown to be useful also for very large su-
perblocks after a preprocessing phase which prunes the search space
in a safe way.

Another integer linear programming method by Chang et al. [15]
performs integrated scheduling, register allocation and spill code gen-
eration. Their model targets non-pipelined, multi-issue, non-clustered
architectures. Spill code is integrated by preprocessing the DAG in
order to insert nodes for spilling where appropriate.

Winkel has presented an optimal method based on integer linear
programming formulation for global scheduling for the IA-64 architec-
ture [89] and shown that it can be used in a production compiler [90].
Much attention is given to how the optimization constraints should
be formulated to make up a tight solution space that can be solved
efficiently.

The integer linear programming model presented here for inte-
grated code generation is an extension of the model by Bednarski and
Kessler [10]. Several aspects of our model are improved compared to
it: Our model works with clustered architectures which have multi-
ple register banks and data paths between them. Our model handles
transfer instructions, which copy a value from one register bank to
another (transfers do not cover an IR node of the DAG). Another
improvement over this model is that we handle memory data depen-
dences. We also allow nodes in the IR DAG that do not need to be
covered by an instruction, e.g. IR nodes representing constants. This
is achieved by using non-issue instructions which use no resources.
The new model better handles operations to which the order of the
operands matters (e.g. shl a,b). Previously the solution would have to

1A superblock is a block of code that has multiple exit points but only one entry
point [40].
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be analyzed afterwards to get the order of the arguments correct. We
also remodeled the data flow dependences to work with the r variable,
thus removing explicit live ranges. By removing explicit live ranges
and adding cluster support with explicit transfers we make it possible
to have spill code generation integrated with the other phases of the
code generation.

Within the Optimist project an integrated approach to code gener-
ation for clustered VLIW processors has been investigated by Kessler
and Bednarski [51]. Their method is based on dynamic programming
and includes safe pruning of the solution space by removing compa-
rable partial schedules.

4.1.2 Heuristic methods

Hanono and Devadas present an integrated approach to code gener-
ation for clustered VLIW architectures in the AVIV framework [37].
Their method builds an extended data flow graph representation of a
basic block which explicitly represents all alternatives for implemen-
tation, and then uses a branch-and-bound heuristic for selecting one
alternative.

Lorenz et al. implemented a genetic algorithm for integrated code
generation for low energy use [62] and for low execution time [63].
This genetic algorithm includes instruction selection, scheduling and
register allocation in a single optimization problem. It is also takes the
subsequent address code generation, with address generation units,
into account. In a preprocessing step additional IR nodes are in-
serted in the DAG which represent possible explicit transfers between
register files. Each gene corresponds to a node in the DAG and an
individual translates directly to a schedule. This is different from the
algorithm that we propose in Chapter 2 where the genes are seen as
preferences when creating the schedule.

Beaty did early work with genetic algorithms for the instruction
scheduling problem [7]. The genetic algorithm presented in this thesis
is largely based on work done by Skoog as a part of his Master’s thesis
project [79]. Other notable heuristic methods that integrate several
phases of code generation for clustered VLIW have been proposed
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by Kailas et al. [42], Özer et al. [73], Leupers [57] and Nagpal and
Srikant [69].

4.2 Integrated software pipelining

4.2.1 Optimal methods

An enumeration approach to software pipelining, based on dynamic
programming, was given by Vegdahl [86]. In this algorithm the depen-
dence graph of the original loop body is replicated by a given factor,
with extra dependences to the new nodes inserted accordingly. The
algorithm then creates a compacted loop body in which each node is
represented once, thus the unroll factor determines how many itera-
tions a node may be moved. This method does not include instruction
selection and register allocation.

Blachot et al. [12] have given an integer linear programming for-
mulation for integrated modulo scheduling and register assignment.
Their method, named Scan, is a heuristic which searches the solution
space by solving integer linear programming instances for varying ini-
tiation intervals and number of schedule slots in a way that resembles
our algorithm in Section 3.3. Their presentation also includes an
experimental characterization of the search space, e.g. how the num-
ber of schedule slots and initiation intervals affects tractability and
feasibility of the integer linear programming instance.

Yang et al. [91] presented an integer linear programming formula-
tion for rate- and energy-optimal modulo scheduling on an Itanium-
like architecture, where there are fast and slow functional units. The
idea is that instructions that are not critical can be assigned to the
slow, less energy consuming, functional units thereby optimizing en-
ergy use. Hence, this formulation includes a simple kind of instruction
selection.

Ning and Gao [70] present a method for non clustered architec-
tures where register allocation is done in two steps, the first step
assigns temporary values to buffers and the second step does the ac-
tual register allocation. Our method is different in that it avoids the
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intermediate step. This is an advantage when we want to support
clustered register banks and integrate spill code generation.

Altman et al. [5] presented an optimal method for simultaneous
modulo scheduling and mapping of instructions to functional units.
Their method, which is based on integer linear programming, has been
compared to a branch and bound heuristic by Ruttenberg et al. [78].

Fimmel and Müller do optimal modulo scheduling for pipelined
non-clustered architectures by optimizing a rational initiation inter-
val [29, 30]. The initiation interval is a variable in the integer linear
programming formulation, which means that only a single instance of
the problem needs to be solved as opposed to the common method of
solving with increasingly large initiation intervals.

Eichenberger et al. have formulated an integer linear programming
model for minimizing the register pressure of a modulo schedule where
the modulo reservation table is fixed [21].

Cortadella et al. have presented an integer linear programming me-
thod for finding optimal modulo schedules [19]. Nagarakatte and
Govindarajan [68] formulated an optimal method for integrating reg-
ister allocation and spill code generation. These formulations work
only for non-clustered architectures and do not include instruction
selection.

4.2.2 Heuristic methods

Fernandes was the one who first described clustered VLIW architec-
tures [27], and in [28] Fernandes et al. gave a heuristic method
for modulo scheduling for such architectures. The method is called
Distributed modulo scheduling (DMS) and is shown to be effective
for up to 8 clusters. DMS integrates modulo scheduling and clus-
ter partitioning in a single phase. The method first tries to put in-
structions that are connected by true data dependences on the same
cluster. If that is not possible transfer instructions are inserted or
the algorithm backtracks by ejecting instructions from the partially
constructed schedule.

Huff [38] was the first to create a heuristic modulo scheduling me-
thod that schedules instructions in a way that minimizes life times



50 Chapter 4 Related work

of intermediate values. The instructions are given priorities based
on the number of slots on which they may be scheduled and still re-
spect dependences. The algorithm continues to schedule instructions
with highest priority either early or late, based on heuristic rules. If
an instruction can not be scheduled, backtracking is used, ejecting
instructions from the partial schedule.

Another notable heuristic, which is not specifically targeted for
clustered architectures, is due to Llosa et al. [60, 61]. This heuris-
tic, called Swing modulo scheduling, simultaneously tries to minimize
the initiation interval and register pressure by scheduling instructions
either early or late.

The heuristic by Altemose and Norris [4] does register pressure
responsive modulo scheduling by inserting instructions in such a way
that known live ranges are minimized.

Stotzer and Leiss [80] presented a backtracking heuristic for mod-
ulo scheduling after instruction selection for Texas Instruments C6x
processors.

Nystrom and Eichenberger presented a heuristic method for clus-
ter assignment as a prepass to modulo scheduling [71]. Their machine
model assumes that all transfer instructions are explicit. The clus-
tering algorithm prioritizes operations in critical cycles of the graph,
and tries to minimize the number of transfer instructions while still
having high throughput. The result of the clustering prepass is a new
graph where operations are assigned to clusters and transfer nodes
are inserted. Their experimental evaluation shows that, for archi-
tectures with a reasonable number of buses and ports, the achieved
initiation interval is most of the time equal to the one achieved with
the corresponding fully connected, i.e. non-clustered, architecture,
where more data ports are available.

A heuristic method for integrated modulo scheduling for clustered
architectures was presented by Codina et al. [18]. The method, which
also integrated spill code generation is shown to be useful for archi-
tectures with 4 clusters.

Pister and Kästner presented a retargetable method for postpass
modulo scheduling implemented in the Propan framework [75].
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Eisenbeis and Sawaya [22] describes an integer linear programming
method for integrating modulo scheduling and register allocation.
Their method gives optimal results when the number of schedule slots
is fixed.

4.2.3 Discussion of related work

The work presented in this thesis is different from the ones mentioned
above in that it aims to produce provably optimal modulo schedules,
also when the optimal initiation interval is larger than MinII , and in
that it integrates also cluster assignment and instruction selection in
the formulation.

Creating an integer linear programming formulation for clustered
architectures is more difficult than for the non-clustered case since
the common method of modeling live ranges simply as the time be-
tween definition and use can not be applied. Our formulation does
it instead by a novel method where values are explicitly assigned to
register banks for each time slot. This increases the size of the solu-
tion space, but we believe that this extra complexity is unavoidable
and inherent to the problem of integrating cluster assignment and
instruction selection with the other phases.

4.2.4 Theoretical results

Touati [82, 83] presented several theoretical results regarding the reg-
ister need in modulo schedules. One of the results shows that, in the
absence of resource conflicts, there exists a finite schedule duration
(tmax in our terminology) that can be used to compute the minimal
periodic register sufficiency of a loop for all its valid modulo sched-
ules. Theorem 8 in this thesis is related to this result of Touati.
We assume unbounded register files and identify an upper bound on
schedule duration, in the presence of resource conflicts.

In a technical report Eisenbeis and Sawaya [23] give a theoretical
result for an upper bound on the number of schedule slots for inte-
grated modulo scheduling and register allocation (with our notation):

tmax ≤ (|V | − 1)
(
L̂ + II − 1

)
+ |V |+ 1
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where L̂ is the largest latency of any instruction. Our proof of The-
orem 8 in Chapter 3 is similar to their proof. Our theorem provides
a tighter bound when the instructions have higher variance of laten-
cies, but their theorem is tighter if the initiation interval is large.
However, we believe that their result is incorrect because it does not
handle loop carried dependences correctly2. A minimal counter ex-
ample is depicted in Figure 4.1. The example consists of a graph with
two instructions, a and b, both with latency 1. The value produced
by b is consumed by a two iterations later. Then, if the initiation
interval is 4 the schedule shown in Figure 4.1 can not be shortened by
4 cycles as described in [23], since this would increase the live range
of b and hence increase the register pressure of the resulting modulo
schedule.

2We believe that they need to add the same assumption that we have on un-
bounded register file sizes.
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Figure 4.1: The graph in (i) can be modulo scheduled with initiation
interval 4 as shown in (ii). If the schedule of an iteration is shortened
by 4 cycles the register pressure of the corresponding modulo schedule
kernel increases, see (iii) to (iv).
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Chapter 5

Possible extensions

This thesis is, in many ways, a small step on the path to a dissertation
(in all humility). Hence, the presented material in this thesis is a work
in progress. In this chapter we identify a few possible directions for
future work.

5.1 Quantify the improvement due to the
integration of phases

A topic for future work is to investigate and quantify the difference
in code quality between our integrated code generation method and
a method where instruction selection and cluster assignment are not
integrated with the other phases. One way in which this could be
achieved is to first use a state-of-the-art algorithm for cluster assign-
ment and instruction selection. In this way we could define values
for some of the solution variables in the integer linear programming
model and then re-solve the instance, see Figure 5.1. This would al-
low for a comparison of the achieved initiation interval for the less
integrated method to the more integrated one. With this method we
could experimentally classify architectures into ones that are likely to
benefit from the integration and ones that are not likely to benefit
from integration.
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Original ILP model

Phase decoupled solution

ILP instance

(i)

Original ILP model

ILP instance

Integrated solution

(ii)

Cluster assignment +
instr. sel. heuristic

Figure 5.1: By applying a heuristic for instruction selection and clus-
ter assignment as a preprocessing step to the ILP solver (i) we could
quantify the improvement due to fully integrating the code generation
phases (ii).

5.2 Improving the theoretical results

We also want to find ways to relax the constraints on the machine
model in the theoretical part of Chapter 3. One limitation is that
we require the generated code to be transfer free, i.e., no instructions
are generated that do not cover a node in the intermediate represen-
tation graph. One possible way to get around this limitation is to
add transfer-nodes in the intermediate representation graph. The ob-
vious question then is how many transfer nodes we must add? How
do we limit the number of times a value may be transferred? A rea-
sonable guess is that we could add transfer nodes before each use of
a value, but then there is the question if this affects the generality
of the model. This transformation might exclude optimal solutions
where a value is “juggled” back and forth between register files.

The other limitation is in the number of available registers. In
the theoretical parts we assume that register pressure is never the
limiting factor. This assumption is necessary because in some cases
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reducing the number of schedule slots of a modulo schedule leads to an
increase in the register pressure. It would be interesting to investigate
how often this situation occurs in real examples. Also, under which
circumstances does it occur and can we find a bound on how much the
register pressure can increase. Touati has done much work in the area
of register pressure in modulo schedules [82], we should investigate if
his methods can be applied to refine our results on the upper bound
on the number of schedule slots.

5.3 Integrating other phases in code generation

In this thesis we have described how to integrate instruction selec-
tion, modulo scheduling, register allocation, cluster assignment and
spill code generation. Another situation where it could be beneficial
to integrate the phases of code generation is the general offset assign-
ment problem (GOA) [6, 58, 59]. In the offset assignment problem
the target architecture has an address generation unit (AGU) and
one or several address registers that can be incremented or decre-
mented automatically when a variable is accessed. Hence, for code
generation, we have to optimize the use of the automatic increment
and decrement, as well as memory layout of variables on the stack,
as is done in e.g. [39, 74]. Taking it one step further we can also
integrate scheduling of operations to maximize the utilization of au-
tomatic increment and decrement. A heuristic method for solving
this integrated scheduling and general offset assignment problem was
presented by Choi and Kim [17]. Solving the integrated scheduling
and GOA problem optimally is an interesting challenge.

5.4 Genetic algorithms for modulo scheduling

One natural extension to the work presented here is to modify the
genetic algorithm to modulo scheduling. There are several ways in
which this could be done. One way would be to keep much of the
existing genetic algorithm from Chapter 2.2 and use a fitness func-
tion that penalizes infeasible solutions. For instance, if a produced
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acyclic schedule has a resource conflict when converted into a modulo
schedule it has a negative fitness value. Then the goal of the genetic
algorithm is to produce an individual with no conflicts, i.e., with fit-
ness 0. But since the genetic algorithm uses a sort of list scheduling
for producing the acyclic schedule, and we know that locally com-
pacted schedules are not necessarily good when producing modulo
schedules we would need a way to add slack into the genes describing
an individual.

5.5 Improve the solvability of the integer linear
programming model

When solving integer linear program instances the integrality con-
straint on solution variables is usually dropped and the relaxed prob-
lem is solved using a simplex algorithm. If the solution to the relaxed
problem happens to be integer we are done, but if the relaxed solution
is not integral we need to add constraints that removes this solution
from the solution space, e.g. by branching on a fractional binary
variable. If we can make sure that the constraints of the model yield
a solution space where as many corners as possible are integral, the
time required to solve the problem becomes smaller.

Finding ways to tighten our solution space is a topic for future work.
One possible starting point could be to investigate if the methods used
by Winkel in [89] for global scheduling can be applied also to modulo
scheduling.

5.5.1 Parallelization of code generators

The current trend in processor development points to increasing the
number of cores on a chip. Since code optimization is computation-
ally heavy we believe that it will become increasingly important to
parallelize compilers in the future. We are interested in finding good
ways to parallelize both the acyclic and the cyclic integrated code
generation problems. The simplest way would be to use the parallel
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version of CPLEX, another way would be to make our own paral-
lelized branch and bound algorithm.

5.5.2 Reformulate the model to kernel population

A fundamental problem of our integer linear programming model is
that it does not scale well with regard to the number of schedule slots.
In many cases, increasing the number of schedule slots by just 1 can
increase the solution time by several orders of magnitude. Our model,
like many others, create a modulo schedule by adding constraints to
an acyclic schedule. We should try methods where instructions from
different iterations are chosen to populate the kernel, similar to Veg-
dahl’s method with dynamic programming [86]. This would remove
the problem with the number of schedule slots for the corresponding
acyclic schedule. Instead we would have new problems, such as how
many iterations to consider when creating the kernel. It is not clear
if such a method would lead to better solution times compared to our
current method.

5.6 Integration with a compiler framework

The graphs used for the evaluation of the modulo scheduling algo-
rithm in Chapter 3 were created by hand. It would greatly simplify
our experiments if we could generate such graphs automatically from
an existing compiler. Optimist is built as a modification of LCC [32],
which is quite old and simplistic. For instance, it does not build
graphs with loop carried data dependences and it includes very few
machine independent optimizations. We would like to integrate our
algorithm with another, more modern, compiler such as GCC [33],
LLVM [53], Trimaran [84] or Open64 [72]. A fully automated pro-
cess would make it possible to perform extensive evaluations of our
algorithms.
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Chapter 6

Conclusions

In this thesis we have studied the problem of integrated code gener-
ation for clustered architectures. The phases that are integrated are:
cluster assignment, instruction selection, scheduling, register alloca-
tion and spilling.

First, we addressed the basic block case, i.e. code generation for
a block of code that contains no jump instructions, and no other
jump targets than the beginning of the block. Two methods were
developed. The first method is optimal and based on integer linear
programming. The second method is a heuristic based on genetic
algorithms.

Second, we extended the optimal method for basic blocks to modulo
scheduling. To the best of our knowledge this is the first time anybody
has optimally solved the modulo scheduling problem for clustered
VLIW architectures with instruction selection and cluster assignment
integrated.

We have also shown that optimal spilling is closely related to opti-
mal register allocation when the register files are clustered. In fact,
optimal spilling is as simple as adding an additional virtual register
file representing memory and have transfer instructions to and from
this register file corresponding to stores and loads.

Our algorithm for modulo scheduling iteratively considers sched-
ules with increasing number of schedule slots. A problem with such
an iterative method is that, if the initiation interval is not equal to
the lower bound, there is no way to determine whether the found
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solution is optimal or not. We have proven that for a class of archi-
tectures, that we call transfer free, we can set an upper bound on the
schedule length. I.e. we can prove when a found modulo schedule
with initiation interval larger than the lower bound is optimal.

In our experimental evaluation we have shown that for the basic
block case we can optimally generate code for DAGs with up to 84 IR
nodes in less than 900 seconds. But we also saw that in some cases
with only 30 IR nodes the integer linear programming model was not
successful. In our experiments we also saw that for the basic blocks
where we have an optimal solution the genetic algorithm produces a
schedule that is on average only 0.5 cycles worse. The experiments
with modulo scheduling showed that our algorithm produces valid
results for all the graphs that we tested, the largest one consisted of 38
IR nodes. For the larger tests the algorithm failed to prove optimality
within the time limit, but all initiation intervals are within 3 of the
theoretical lower bound.

We have also described topics for future work in the area of inte-
grated code generation that we plan to investigate further.



Appendix A

ILP model and problem
specifications

In this appendix we give listings of the integer linear program and
problem instances formulation used in Chapter 3. The listings are
shown in AMPL syntax. The architecture parameters are too verbose
to be listed here.

A.1 Integrated software pipelining in AMPL code

# ---------------

# Data flow graph

# ---------------

# DFG nodes

set G;

# DFG edges

## Edges for src1 (KID0)

set EG0 within (G cross G cross Integers);

## Edges for src2 (KID1)

set EG1 within (G cross G cross Integers);

## Edges for data dependences (DDEP)

set EGDEP within (G cross G cross Integers);

set EG := EG0 union EG1;

# Operator of DFG nodes

param OPG {G} default 0;
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# Out-degree of DFG nodes

param ODG {G} default 0;

# --------

# Patterns

# --------

# Pattern indexes

set P_prime; # patterns with edges

set P_second; # patterns without edges

set P_nonissue; # patterns that does not use resources

set P := P_prime union P_second union P_nonissue;

set match{G} within P;

set PN; # Generic pattern nodes

# Patterns

set B {P} within PN;

# Pattern edges (These need to be annotated with operands,

# eg. mul_arg1, mul_arg2 and add_arg1)

set EP {P_prime} within (PN cross PN);

# Operator of patterns

param OPP {P,PN} default 0;

# Out-degree of patterns

param ODP {P,PN} default 0;

# Latencies

param L {P} default 0; #nonissue have 0, the rest are listed

set dagop := setof{i in G} OPG[i];

set P_pruned := setof {p in P, pn in PN: OPP[p,pn] in dagop} (p);

param min_lat {i in G} := min {p in P: OPP[p,0] == OPG[i]} L[p];

#----------

# Resources

#----------

# Functional units

set F;

# Resource mapping p <-> FU

param U {P,F} binary default 0;

#Residence classes

set RS;
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# Resources for transfers. Is 1 if transfer RS-RS requires F.

param UX{RS,RS,F} binary default 0;

# Latencies for transfers

param LX{RS,RS} integer > 0 default 10000000;

# Residence class of pattern variables

## Destinations

set PRD{RS} within P;

## First argument source

set PRS1{RS} within P;

## Second argument source

set PRS2{RS} within P;

#------------

# Issue width

#------------

# Issue width (omega)

param W integer > 0;

# Number of registers

param R{RS} integer > 0 default 1000000;

# ------------------

# Solution variables

# ------------------

# Maximum time

param max_t integer > 0;

set T := 0 .. max_t;

# Increase II until a feasible solution exists.

param II integer >= 1;

param soonest {i in G} in T;

param latest {i in G} in T;

param derived_soonest {i in G} :=

max(soonest[i],

max {(a,delta) in setof {(a,ii,ddelta) in (EG union EGDEP):

ii = i && ddelta != 0} (a,ddelta)}

(soonest[a] + min_lat[a] - II*delta));

param derived_latest {i in G} :=

min(latest[i],

min {(a,delta) in setof {(ii,a,ddelta) in (EG union EGDEP):

ii = i && ddelta != 0} (a, ddelta)}
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(latest[a] - min_lat[i] + II*delta));

# Slots on which i in G may be scheduled

set slots {i in G} := derived_soonest[i] .. derived_latest[i];

# max_d is largest distance of a dependence in EG0/1

param max_d integer >= 0;

set TREG := 0 .. (max_t+II*max_d);

var c {i in G,match[i],PN,slots[i]} binary default 0;

var w {EG,P_prime inter P_pruned, T, (PN cross PN)} binary default 0;

# Records which patterns (instances) are selected, at which time

var s {P_prime inter P_pruned,T} binary default 0;

# Transfer

var x {G,RS,RS,TREG} binary default 0;

# availability

var r {RS,G,TREG} binary default 0;

# ---------------------

# Cuts

# ---------------------

subject to Cutr0 {i in G, t in T: t in slots[i]}:

sum {tt in 0..t: tt not in slots[i]}

(sum {rr in RS} r[rr,i,tt]

+sum{rr in RS} sum {rs in RS} x[i,rr,rs,tt]) = 0;

# ---------------------

# Instruction selection

# ---------------------

# (7.1) Each node is covered by exactly one pattern

subject to NodeCoverage {i in G}:

sum{p in match[i]} sum{k in B[p]}

sum{t in slots[i]} c[i,p,k,t] = 1;

# (7.2) Record which patterns have been selected at time t

subject to Selected {p in P_prime inter P_pruned,

t in T, k in B[p]}:

(sum{i in G:t in slots[i] && p in match[i]} c[i,p,k,t]) = s[p,t];
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# (7.5) For each pattern edge, assure that DFG nodes are matched

# to pattern nodes

subject to WithinPattern {(i,j,d) in EG, p in P_prime inter

P_pruned, t in T, (k,l) in EP[p]

: t in slots[i] && t in slots[j] &&

p in match[i] && p in match[j]

}:

2*w[i,j,d,p,t,k,l] <= (c[i,p,k,t] + c[j,p,l,t]);

# (7.5’) For each pattern edge, assure that DFG nodes are matched

# to pattern nodes

subject to WithinPattern_0 {(i,j,d) in EG, p in P_prime inter

P_pruned, t in T, (k,l) in EP[p]

: t not in slots[i] || t not in slots[j] ||

p not in match[i] || p not in match[j]

}:

w[i,j,d,p,t,k,l] = 0;

# (7.7) Operator of DFG and pattern nodes must match

subject to OperatorEqual {i in G, p in match[i], k in B[p],

t in slots[i]}:

c[i,p,k,t] * (OPG[i] - OPP[p,k]) = 0;

# -------------------

# Register allocation

# -------------------

#limit on availability

subject to AvailabilityLimit {rr in RS, i in G, t in TREG}:

#just ready

r[rr,i,t] <= sum{p in (PRD[rr] inter match[i]): t >= L[p]

&& t <= max_t && t-L[p] in slots[i]}

sum{k in B[p]}

c[i,p,k,t-L[p]] +

#available in prev. time step

sum{tt in t..t : tt>0} r[rr,i,tt-1] +

#just transfered

sum{rs in RS:t-LX[rs,rr]>=0} x[i,rs,rr,t-LX[rs,rr]];

#make sure inner nodes of a pattern are never visible

subject to AvailabilityLimitPattern {p in P_prime inter P_pruned,

(k,l) in EP[p], (i,j,d) in EG}:

(sum{rr in RS} sum{t in TREG} r[rr,i,t])

<= 1000*(1-sum{t in T}w[i,j,d,p,t,k,l]);
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#data must be available when we use it

### For now, we only handle patterns that take all operands from the

### same residence class as the destination (PRD). To fix this, we

### need to annote edges within patterns.

subject to ForcedAvailability {(i,j,d) in EG,

t in slots[j], rr in RS}:

r[rr,i,t+d*II]*5 >= sum{p in PRD[rr] inter match[j] inter P_prime}

sum{k in B[p]} (

c[j,p,k,t]

#but not if (i,j) is an edge in p

-

5 * sum{(k,l) in EP[p]}

w[i,j,d,p,t,k,l]);

##(10)&(11) singletons

subject to ForcedAvailability2 {(i,j,d) in EG0, t in slots[j],

rr in RS}:

r[rr,i,t+d*II]*5

>=

sum{p in PRS1[rr] inter match[j] inter P_second}

sum{k in B[p]} c[j,p,k,t];

subject to ForcedAvailability3 {(i,j,d) in EG1, t in slots[j],

rr in RS}:

r[rr,i,t+d*II]*5

>=

sum{p in PRS2[rr] inter match[j] inter P_second}

sum{k in B[p]} c[j,p,k,t];

#must also be available when we transfer

subject to ForcedAvailabilityX {i in G, t in TREG, rr in RS}:

r[rr,i,t] >= sum{rq in RS} x[i,rr,rq,t];

subject to TightDataDependences {(i,j,d) in EGDEP, t in TREG}:

sum{p in match[j]}

sum{tt in 0..t-II*d: tt in slots[j]}

c[j,p,0,tt]

+

sum{p in match[i]}

sum{ttt in t-L[p]+1..max_t + II*max_d: ttt>0 && ttt in slots[i]}

c[i,p,0,ttt]

<= 1;
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# (~7.11) Check that the number of registers is not exceeded at

# any time

subject to RegPressure {t_offs in 0..(II-1), rr in RS}:

sum{i in G} sum{t in t_offs..(max_t+II*max_d) by II}

r[rr,i,t] <= R[rr];

# ----------------------

# Instruction scheduling

# ----------------------

# Conditions for scheduling included is included in the other

# constraints.

# -------------------

# Resource allocation

# -------------------

# (7.14) At each scheduling step we should not exceed the number

# of resources

subject to Resources {t_offs in 0..(II-1), f in F}:

sum{t in t_offs..max_t by II}(

sum{p in P_prime inter P_pruned : U[p,f] = 1} s[p,t]

+

sum{p in P_second inter P_pruned: U[p,f] = 1}

sum{i in G:t in slots[i] && p in match[i]}

sum{k in B[p]} c[i,p,k,t])

# and extra for transfers

+

sum{t in t_offs..(max_t+II*max_d)}(

sum{i in G} sum{(rr,rq) in (RS cross RS): UX[rr,rq,f] = 1 }

x[i,rr,rq,t])

<= 1;

# (7.15) At each time slot, we should not exced the issue width w

subject to IssueWidth {t_offs in 0..(II-1)}:

sum{t in t_offs..max_t by II}(

sum{p in P_prime inter P_pruned} s[p,t]

+

sum{p in P_second inter P_pruned}

sum{i in G:t in slots[i] && p in match[i]}

sum{k in B[p]} c[i,p,k,t])

# and extra for transfers

+

sum{t in t_offs..(max_t+II*max_d)}
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(sum{i in G} sum{(rr,rq) in (RS cross RS)} x[i,rr,rq,t])

<= W;

# ----------------

# Check statements

# ----------------

# Each pattern should be associated with som functional unit

check {p in P_prime union P_second}:

sum{f in F} U[p,f] > 0;

A.2 Data flow graphs used in experiments

A.2.1 Dot product

# 5 Loads *5

# 1 MPY *2

# 5 Ops *1

# sum 32.

# MinII = single 5, double 3

param max_d := 1;

param: G : OPG ODG :=

2 4405 1 # ADDI4

4 4565 1 # MULI4

5 4165 1 # INDIRI4

6 4407 1 # ADDP4

7 4437 2 # LSHI4

8 4165 1 # INDIRI4

9 4391 1 # ADDRLP4

10 4117 1 # CNSTI4

11 4167 1 # INDIRP4

12 4359 1 # ADDRGP4

13 4165 1 # INDIRI4

14 4407 1 # ADDP4

15 4167 1 # INDIRP4

16 4359 1 # ADDRGP4

;

set EG0 :=

(2,2,1) (9,8,0) (8,7,0) (7,6,0) (12,11,0) (6,5,0) (5,4,0)
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(7,14,0) (16,15,0) (14,13,0);

set EG1 :=

(10,7,0) (11,6,0) (15,14,0) (13,4,0) (4,2,0);

set EGDEP :=

;

A.2.2 FIR filter

# RecMII = 1

# ResMII = 3 (3 add 2 sub 2 shi 6 loads)

# sum_l = 39

# Critical path 15

param max_d := 1;

param: G : OPG ODG :=

2 4405 1 # ADDI4

4 4565 1 # MULI4

5 2117 1 # INDIRI2

6 4407 1 # ADDP4

7 4421 1 # SUBI4

8 4437 1 # LSHI4

9 4165 2 # INDIRI4

10 4391 1 # ADDRLP4

11 4117 2 # CNSTI4

12 4117 1 # CNSTI4

13 4167 1 # INDIRP4

14 4375 1 # ADDRFP4

15 2117 1 # INDIRI2

16 4407 1 # ADDP4

17 4437 1 # LSHI4

18 4421 1 # SUBI4

19 4165 1 # INDIRI4

20 4391 1 # ADDRLP4

21 4167 1 # INDIRP4

22 4375 1 # ADDRFP4

;

set EG0 :=

(2,2,1) (10,9,0) (9,8,0) (8,7,0) (7,6,0) (14,13,0) (6,5,0) (5,4,0)
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(20,19,0) (19,18,0) (18,17,0) (17,16,0) (22,21,0) (16,15,0);

set EG1 :=

(11,8,0) (12,7,0) (13,6,0) (9,18,0) (11,17,0) (21,16,0) (15,4,0)

(4,2,0);

set EGDEP :=

;

A.2.3 N complex updates

param max_d = 1;

#RecMII = 2

# 11 add 8 load 2 store 4 mul 1 sub

#ResMII = 4

#sum_l = 56

param: G : OPG ODG :=

0 4117 3 # CNSTI4 (4)

1 4407 1 # ADDP4 1-8 i.v.

2 4407 1 # ADDP4

3 4407 1 # ADDP4

4 4407 1 # ADDP4

5 4407 1 # ADDP4

6 4407 1 # ADDP4

7 4407 1 # ADDP4

8 4407 1 # ADDP4

11 4167 3 # INDIRP4 a0

12 4167 3 # INDIRP4 a1

13 4167 3 # INDIRP4 b0

14 4167 3 # INDIRP4 b1

15 4167 3 # INDIRP4 c0

16 4167 3 # INDIRP4 c1

17 4167 3 # INDIRP4 d0

18 4167 3 # INDIRP4 d1

19 4149 0 # ASGNI4 set *d0 G’

20 4149 0 # ASGNI4 set *d1 G’’

###G’

21 4565 1 # MULI4

22 4565 1 # MULI4

23 4405 1 # ADDI4

24 4421 1 # SUBI4
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###G’’

25 4565 1 # MULI4

26 4565 1 # MULI4

27 4405 1 # ADDI4

28 4405 1 # ADDI4

;

set EG0 :=

### G’

(11,21,0) #a0 (15,23,0) #c0 (12,22,0) #a1 (23,24,0) (17,19,0)

### G’’

(12,25,0) #a1 (11,26,0) #a0 (16,27,0) #c1 (27,28,0) (18,20,0)

### Main graph

(0,1,0) (0,2,0) (0,3,0) (0,4,0) (0,5,0) (0,6,0) (0,7,0) (0,8,0)

#### indir

(1,18,0) (3,16,0) (5,14,0) (7,12,0) (2,17,1) (4,15,1) (6,13,1)

(8,11,1);

set EG1 :=

### G’

(13,21,0) # b0 (14,22,0) # b1 (21,23,0) (22,24,0)

(24,19,0) # connector

### G’’

(13,25,0) # b0 (14,26,0) # b1 (25,27,0) (26,28,0)

(28,20,0) # connector

### Main graph

#### Add connectors

(1,2,0) (3,4,0) (5,6,0) (7,8,0) (2,1,1) (4,3,1) (6,5,1) (8,7,1);

set EGDEP :=

;

A.2.4 Biquad n

#9 loads, gives ResMII=9 for single cluster archi and

# ResMII=5 for 2 cluster.

#11 adds, 2 subs

#5 muls

#2 stores

#sum_l=70

#critical cycle 11 13 17 18 gives RecMII=5

param max_d := 1;
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param: G : OPG ODG :=

0 4117 10 # CNSTI4

1 4407 1 # ADDP4

2 4407 1 # ADDP4

3 4407 1 # ADDP4

4 4407 1 # ADDP4

5 4407 1 # ADDP4

6 4407 1 # ADDP4

7 4407 1 # ADDP4

8 4407 1 # ADDP4

9 4407 1 # ADDP4

10 4565 1 # MULI4

12 4565 1 # MULI4

14 4565 1 # MULI4

15 4565 1 # MULI4

17 4565 1 # MULI4

11 4421 1 # SUBI4

13 4421 1 # SUBI4

16 4405 1 # ADDI4

18 4405 1 # ADDI4

20 4149 1 # ASGNI4

21 4149 1 # ASGNI4

31 4167 1 # INDIRP4

32 4167 1 # INDIRP4

33 4167 1 # INDIRP4

34 4167 1 # INDIRP4

35 4167 1 # INDIRP4

36 4167 1 # INDIRP4

37 4167 1 # INDIRP4

38 4167 1 # INDIRP4

39 4167 1 # INDIRP4

;

set EG0 :=

# pointer increments

(0,1,0) (0,2,0) (0,3,0) (0,4,0) (0,5,0) (0,6,0) (0,7,0) (0,8,0)

(0,9,0)

# arithmetic

(35,10,1) (18,11,1) (11,13,0) (32,17,0) (17,18,0) (31,12,0)

(33,14,0) (14,16,0) (34,15,0)

# stores

(8,20,0) (6,21,0)

# indirs
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(1,31,0) (2,32,0) (3,33,0) (4,34,0) (5,35,1) (6,36,0) (7,37,1)

(8,38,0) (9,39,1);

set EG1 :=

# pointer increments chain

(1,2,0) (2,3,0) (3,4,0) (4,5,0) (5,1,1) (6,7,0) (7,6,1) (8,9,0)

(9,8,1)

# arithmetic

(37,10,1) (10,11,0) (39,12,0) (12,13,0) (13,17,0) (36,14,0)

(38,15,0) (15,16,0) (16,18,0) (36,20,0) (13,21,0)

;

set EGDEP :=

(20,21,1)

;

A.2.5 IIR filter

param max_d := 1;

# RecMII = 18 (no patterns) (17 with mac)

# sum_l 3*1 store + 12*1 add + 4*2 mul + 2*1 shi + 13*5 = 90

# Critical cycle 3,2,0,34,33,32,28,27,25,24,3

param: G : OPG ODG :=

0 2101 9 # ASGNI2

1 4391 2 # ADDRLP4

2 4405 1 # ADDI4

3 2117 1 # INDIRI2

4 4391 2 # ADDRLP4

5 4469 1 # RSHI4

6 4405 1 # ADDI4

7 4565 1 # MULI4

8 2117 1 # INDIRI2

9 4407 1 # ADDP4

10 4167 4 # INDIRP4

11 4391 1 # ADDRLP4

12 4117 1 # CNSTI4

13 2117 1 # INDIRI2

14 4167 4 # INDIRP4

15 4391 1 # ADDRLP4

16 4565 1 # MULI4

17 2117 1 # INDIRI2
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18 4407 1 # ADDP4

19 4117 1 # CNSTI4

20 2117 1 # INDIRI2

21 4407 3 # ADDP4

22 4117 2 # CNSTI4

23 4117 2 # CNSTI4

24 2101 0 # ASGNI2

25 4405 1 # ADDI4

26 2117 1 # INDIRI2

27 4469 1 # RSHI4

28 4405 1 # ADDI4

29 4565 1 # MULI4

30 2117 1 # INDIRI2

31 2117 1 # INDIRI2

32 4565 1 # MULI4

33 2117 1 # INDIRI2

34 4407 1 # ADDP4

35 2117 1 # INDIRI2

36 2101 0 # ASGNI2

37 2117 1 # INDIRI2

;

set EG0 :=

(1,0,0) (4,3,0) (3,2,0) (11,10,0) (10,9,0) (9,8,0) (8,7,0)

(15,14,0) (14,13,0) (7,6,0) (10,18,0) (18,17,0) (17,16,0)

(14,21,0) (21,20,0) (6,5,0) (4,24,0) (1,26,0) (26,25,0)

(10,30,0) (30,29,0) (14,31,0) (29,28,0) (10,34,0) (34,33,0)

(33,32,0) (21,35,0) (28,27,0) (21,36,0) (14,37,0);

set EG1 :=

(12,9,0) (13,7,0) (19,18,0) (22,21,0) (20,16,0) (16,6,0)

(23,5,0) (5,2,0) (2,0,0) (31,29,0) (22,34,0) (35,32,0)

(32,28,0) (23,27,0) (27,25,0) (25,24,0) (37,36,0);

set EGDEP :=

(24,3,1) (0,24,0) (0,26,0) (0,30,0) (0,31,0) (0,34,0) (0,35,0)

(0,27,0) (0,36,0) (0,37,0);
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