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Abstract

ScratchPad Memory (SPM) is highly adopted in real-time systems as it exhibits a
predictable behaviour. SPM is software-managed by explicitly inserting instructions to
move code and data transfers between the SPM and the main memory. However, it is a
tedious job to decide how to manage the SPM and to manually modify the code to insert
memory transfers. Hence, an automated compilation tool is essential to efficiently utilize
the SPM. Another key problem with SPM is the latency suffered by the system due to
memory transfers. Hiding this latency is important for high-performance systems. In this
thesis, we address the problems of managing SPM and reducing the impact of memory
latency. To realize the automation of our work, we develop a compilation framework
based on the LLVM compiler to analyze and transform the program code. We exploit
our framework to improve the performance of the execution of single and multi-tasks in
real-time systems. For the single task execution, Worst-Case Execution Time (WCET) is
of great importance to assure correct and safe behaviour of the system. So, we propose
a WCET-driven allocation technique for data SPM that employs software prefetching to
efficiently manage the SPM and to overlap the memory transfer and the task execution in
a predictable way. On the other hand, multi-tasking requires the system to be schedulable
such that all the tasks can meet their timing requirements. However, executing multiple
tasks on a multi-processor platform suffers from the contention of the accesses to the shared
main memory. To avoid the contention, several scheduling techniques adopted the 3-phase
execution model which executes the task as a sequence of memory and computation phases.
This provides the means to avoid the contention as well as to hide the memory latency
by using a Direct Memory Access (DMA) engine. Executing memory transfers using the
DMA allows overlapping the memory transfers with the computations on the processor.
Using the 3-phase model in systems with limited sizes of local SPM may necessitate a
segmentation of the task. Automating the segmentation process is necessary especially for
systems with large task sets. Hence, we propose a set of efficient segmentation algorithms
that follow the 3-phase execution model. The application of these algorithms shows a
significant improvement in the system schedulability. For our segmentation algorithms to
be more applicable, we extend the 3-phase model to allow programs with multiple paths
represented as conditional Directed Acyclic Graphs (DAGs), unlike the previous works that
targeted sequential programs. We also introduce a multi-steaming model to exploit the
benefits of prefetching by overlapping the memory and computation phases of the same
task, which was not allowed in the previous approaches. By combining the automated
compilation with the proposed algorithms, we are able to achieve our goal to efficiently
manage data SPM in real-time systems.
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Chapter 1

Introduction

Real-time systems are essential in many domains such as automotive, avionics, telecommu-
nication infrastructures, medical devices, security systems, robotics, fabrication machines,
and military applications [98]. A growing domain of real-time applications is Internet of
Things (IoT) where smart devices are able to communicate, share information, and interact
with their environment. With the rise of autonomous systems, the complexity of critical
functionalities has been increasing, demanding high-performance real-time architectures
and algorithms to cope with these needs.

In real-time systems, the correctness of the system depends on its logical functionality
as well as the timing. Timing constraints are imposed to avoid unacceptable results or to
maintain the quality of service. Hence, the execution time of a task running on a real-
time platform must be bounded. The bound is derived using static or measurement-based
analysis to estimate the Worst-Case Execution Time (WCET) [161] which accounts for the
worst-case scenario to assure the predictability of the system. In a multi-tasking system,
a schedulability analysis uses the WCET of each task to verify the timing constraints of
a real-time system [24]. For a multi-tasking system, timing validation for the set of tasks
running on the system is necessary. Each task in the system has a deadline such that the
execution of a job of this task must �nish before the deadline. A feasible task set means
that all jobs of all tasks can meet their deadlines under all combinations of job arrivals of
di�erent tasks. Di�erent schedulability algorithms are used to derive schedules for a task
set execution. A schedulability analysis decides whether a task set is schedulable using a
schedulability algorithm by ensuring that the WCET of any possible job in the system can
meet its deadline. Architectural features like memory hierarchy, interconnect protocols and
pipelining impact the ability to derive tight bounds on the WCET. The memory hierarchy
is a key factor for both performance and predictability of the system. This is especially
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true on architectures with multiple processors, because processors (or cores) share hardware
resources, such as cache memory hierarchy, buses, DRAM, and I/O peripherals. Therefore,
operations performed by one processing unit can result in unregulated contention at the
level of any shared resource and thus unpredictably delay the execution of a task running
on a di�erent core.

Embedded systems usually comprise on-chip and o�-chip memories. On-chip memories
are small and fast compared to o�-chip memories which are large and slow. Combining on-
chip and o�-chip memories in a multi-level memory hierarchy improves the performance
[112] by bridging the speed gap between the processor and the o�-chip main memory.
Caches are the most common form of on-chip memory. They have been used in general
purpose systems for a long time as they improve the average performance signi�cantly.
Caches employ a set of heuristics that exploit the temporal and spacial locality of memory
accesses to keep the data that most likely will be accessed in the near-future. The execution
time of a memory instruction in a cache-based system depends on whether the accessed
data is a cache hit or a cache miss. The heuristic behavior of caches increases the variability
in the execution time as the cache behavior depends on the history of the memory accesses.
Assuming that every memory access is a cache miss to account for the worst case leads to
a very pessimistic estimation of WCET. Static cache analysis tries to predict the cache
behavior to be able to tighten the WCET bound [96]. The complexity of cache analysis
signi�cantly increases for multi-tasking systems and multi-core architectures as system
resources are shared. Several works have been proposed to enforce a more deterministic
behavior in real-time systems using cache partitioning and cache locking [56]. In the context
of real-time systems, there has been signi�cant attention to ScratchPad Memory (SPM)
as an alternative to caches [155]. SPM is a small on-chip memory that is mapped to the
address space of the processor. Unlike caches, SPM has to be explicitly managed by the
software to move the data between the SPM and the main memory. Hence, SPM is highly
predictable as its content is under software control. However, explicit management of
SPM is challenging as it requires the programmer to be aware of the underlying hardware
and manually embed the required managing instructions in the code. Several allocation
algorithms have been proposed to automatically manage the SPM for both general purpose
systems and real-time systems. An allocation mechanism determines the content of the
SPM based on the SPM size and the platform con�guration. The allocation of data in
SPM requires explicit movement of the data to/from main memory. The time for these
transfers is another challenge for SPM management. These transfers are usually performed
using a Direct Memory Access (DMA) engine because of its e�ciency.

In this thesis, our goal is two-fold: to automate the management of the SPM in real-time
systems, and to e�ciently hide the memory transfers by overlapping the DMA time and
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the computation time. The �rst goal is achieved by introducing a compilation framework
to analyze, optimize and transform a program based on the LLVM compiler. The second
goal has two targets: single task execution and multi-tasking systems. For the execution
of a single task, we use software prefetching to prefetch/write-back data in parallel with
the computation of the task. For a multi-tasking system, this can be achieved using
the 3-phase model [152] by overlapping the DMA time of one task with another task.
The 3-phase model divides the execution of the task to memory and computation phases.
Hiding memory time using the 3-phase model has been explored in many works. However,
the previous works have two shortcomings: 1) the task is assumed to �t in the SPM or
manually segmented by the programmer, 2) the DMA time of a segment of the task cannot
be overlapped with the computation time of another segment of the same task. Hence,
we tackle these two shortcomings in this thesis by: extending the execution model to
allow streaming segments of the same task, i.e. execute them back-to-back, and proposing
algorithms that consider both the task segmentation and the scheduling of the task set to
obtain e�cient segmentation and to improve the system schedulability.

1.1 Data SPM Management with Software Prefetching

Although using on-chip memory avoids frequent accesses to the main memory, the perfor-
mance of embedded systems can be signi�cantly a�ected by main memory latency due to
the need to move the data between on-chip memory and main memory. While novel devices
promise much increased memory bandwidth, in particular through DRAM stacking [1], the
access latency for DRAM main memory has largely remained similar in recent years. In
the context of general purpose systems, this problem is typically addressed through per-
task prefetching techniques to bring content to on-chip memory before it is used and avoid
stalling the processor. Cache prefetching has been extensively researched in the architec-
ture and compilers communities [103]. Prefetching techniques incorporate hardware and/or
software to hide cache miss latency by attempting to load cache lines from main memory
before they are accessed by the program. The essence of these techniques is speculation of
the data locality and the cache behavior, which makes them unsuitable to provide WCET
guarantees for real-time programs.

Using prefetching techniques for SPM can provide similar bene�t to hide memory la-
tency. Current SPM management techniques for real-time systems do not solve the fun-
damental memory latency problem, because they generally assume that the core is stalled
while the content of on-chip memory is reloaded.

We target the development of a compiler-directed prefetching scheme that optimizes
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the allocation of program code and data in on-chip memory with the objective to minimize
the WCET. For this phase, we focus on single program running on single core.

In Chapter 4, we present a novel prefetching scheme for program data. Our proposed
method employs a Direct Memory Access (DMA) controller to move data between on-chip
memory and main memory. Compared to related work, we do not stall the program while
transferring data; instead, we rely on static program analysis to determine when data is
used in the program, and we prefetch it into on-chip memory ahead of its use so that the
time required for the DMA transfer can beoverlappedwith the program execution. The
allocation and prefetching framework is automated in the compiler.

1.2 Task Segmentation and Scheduling for Multi-tasking
Systems

Shared resources in Multi-Processor Systems-on-a-Chip (MPSoCs) represent a challenge for
predictability in real-time systems. Main memory shared by all processing elements on the
chip can cause signi�cant performance degradation. For real-time systems, the contention
for memory access among multiple processors may result in extremely high worst-case
latency [66,83,141] which counter the bene�t of using multiple processors. Hence, there is
a signi�cant interest in the real-time community in controlling the pattern of accesses in
memory to avoid worst-case scenarios. This can be di�cult in cache-based systems, where
main memory accesses are generated by misses in last level cache, as the precise pattern of
cache hits and misses is hard to predict. The 3-phase model attempts to solve this issue by
dividing the each task in one or multiple program segments and executing each segment
in three phases: loading the data and code of the segment to the SPM, then executing
the segment from the SPM, and �nally writing back the modi�ed data to the SPM. Since
a segment does not need to access main memory during its computation phase, a DMA
engine can be scheduled to perform memory transfers from/to the main memory in parallel.
This enables scheduling the tasks as well as the DMA operations in a predictable way as
contention on the main memory is mitigated.

Based on this core idea, successive works [6�8, 18, 22, 28, 45, 52, 97, 99, 101, 123, 136,
151,152,166,167] have proposed a variety of contentionless approaches targeting di�erent
scheduling schemes and platforms. However, compiling a program to execute based on the
3-phase model is a key problem that has received signi�cantly less attention. Due to the
complexities inherent in each step, an automated tool is required to remove the burden
from the programmer.
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The 3-phase model only allows the overlap of the execution time of a task with the
DMA time of another task, i.e. a multiple segments of the same task cannot execute back-
to-back. In Chapter 5, we extend the model to allow multi-segment streaming. Streaming
a segment into the next segment of the same task means that the code and data of the
next segment are transfered to the SPM while the current segment is executing. This is
important as the main structure in a program are usually the loops. So, techniques like
loop tiling enable segment streaming in many cases. We also extend the 3-phase model to
support a conditional Directed Acyclic Graph (DAG) representation for the tasks. Previous
works adopted a sequential model of the program in which the segments of the program
are executed in sequence. The conditional DAG representation allows multiple execution
paths in the program and hence it is more general. Our evaluation has shown that the
system schedulability improves signi�cantly when multi-segment streaming is allowed.

In Chapter 6, we propose a set of program transformation constraints that allow us
to convert a task into a conditional sequence of 3-phase segments. We use a region-based
approach to simplify segment creation, in conjunction with loop splitting and tiling to split
large loops into multiple segments. We address two models for the DMA: �xed-size DMA
model, and variable-size DMA model. In both �xed and variable-size DMA models, the
DMA is arbitrated between di�erent cores using a TDMA memory schedule. The �xed-size
model assigns TDMA slot that is su�cient to transfer the whole SPM space assigned to
the task; while the variable-size model uses a �ne granularity for the TDMA slots such
that a transfer can span multiple slots. For the �xed-size model, we are able to derive a
task segmentation algorithm that enumerates the best possible conditional segments for
a given task on a platform with �xed-size memory phases. Furthermore, for the case of
�xed-priority partitioned scheduling, we show that applying the algorithm to each task in
priority order leads to a solution that is optimal for the task set. Then, we propose a set of
heuristics for the variable-size model as an optimal algorithm is too complex to consider.
Our evaluation shows that our proposed algorithms improve the system schedulability
signi�cantly compared to other greedy and heuristic algorithms.

1.3 Thesis Outline

The thesis starts with a presentation of the compilation framework and the analysis and
transformation passes used in Chapter 2. The rest of the thesis is structured in two
parts. The �rst part is concerned with the case of the execution of a single task. Chapter 3
discusses the background and the related work of SPM management and prefetching. Then,
we present our proposed technique for WCET-driven data SPM allocation and prefetching
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in Chapter 4. The second part focuses on multi-tasking. In Chapter 5, we review the
related work for the 3-phase model and then discuss the extension of the model with a
formal schedulability analysis. After that, we present our developed algorithms for task
segmentation and show the evaluation results in Chapter 6. Finally, we summarize the
thesis in Chapter 7 and discuss the future extensions.
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Chapter 2

Compilation Framework: Analysis and
Transformation

In this chapter, we present the structure of our compilation framework. The framework is
based on the LLVM compiler which is used to analyze and transform the program code.
We start with an introduction to the LLVM compiler and the compilation �ow in our
framework in Section 2.1. Then, we focus on the set of analysis and transformation passes
used to prepare the program and gather the required information about it: region analysis
in Section 2.2, loop analysis and transformations in Section 2.3, memory access information
in Section 2.4, and �nally the back-end analysis in Section 2.5.

2.1 LLVM Compiler and Compilation Flow

The Low Level Virtual Machine (LLVM) is a compiler infrastructure introduced in [86].
The compiler is designed in a modular and reusable structure to support optimization of
the program during its lifetime through compile time, link time and run time.

LLVM is based on the LLVM Intermediate Representation (LLVM-IR) which is a typed
RISC-like instruction set. LLVM-IR is agnostic to the target machine and uses an in�nite
number of virtual registers. The register operations are in Static Single Assignment (SSA)
form which means each register can be written only once. There are two �le types for
LLVM-IR: bytecode (.bc) and human readable assembly language (.ll). In this document,
the human readable representation is used.
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Figure 2.1: LLVM compiler tool-chain

The compilation tool-chain of LLVM is shown in Figure 2.1. The code is parsed using
and converted to LLVM-IR on which most of the optimization passes are applied. Then,
the back-end generates the assembly according to the speci�ed target. The assembler
generates the object �le that is handled by the linker to emit the executable.

2.1.1 LLVM-IR Instructions

LLVM-IR set of instructions represent common operations to describe the program inde-
pendent of the machine instructions. We focus on memory instructions and other instruc-
tions needed to understand its operation.

In LLVM, an object is represented by a pointer to its address in the memory. The
pointer can refer to a global object, a stack-allocated object or a return from a function,
e.g. malloc for heap allocation. All memory operations are pointer-based where the address
is computed �rst -if needed- and then provided to the load/store instruction.

The following example showsalloca, load, store, getelementptr instructions:

1 @x = global [10 x32 ] zeroint ia l izer
2 %ptr1 = alloca i32
3 store i32 5, i32* %ptr1
4 %ptr2 = getelementptr inbounds [10 x32 ] , [10 x32 ]* @x , i32 0, i32 1
5 %x .1 = load i32 , i32* %ptr2

alloca allocates an object in the stack and returns a pointer to it as in line 2 where a
32-bit integer is allocated and a pointerptr1 is returned to its address in the stack.

getelementptr is used to get the address of a subelement of an aggregate data structure.
In line 1, an integer arrayx has 10 elements and line 4 gets the address of the second
element inptr2 .
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store is used to write to a memory address as in line 3 where a value of5 is written to
the integer pointed to by ptr1 .

load is used to read from a memory address as in line 5 where the data in the address
ptr2 is loaded in registerx.1 .

Other instructions might be used for handling pointer types likeinttoptr and bitcast
or selection likeselect and phi .

2.1.2 LLVM Passes

LLVM provides a set of analysis and transform passes [2]. The analysis passes collect
information about the program that can be used to apply transformations or for debugging.

The passes in LLVM works in a framework called LLVM Pass Manager. This framework
is responsible for keeping the analysis information updated after the optimization of the
program and maintaining the memory and execution dependency of di�erent passes.

There are multiple types of passes depending on the scope of the pass. This helps the
pass manager to schedule the passes in an e�cient way. The pass can be aModulePass,
CallGraphSCCPass, FunctionPass, LoopPass, RegionPass, or BasicBlockPass. Each
of these types imposes constraints on the information available to the pass and the scope
of the transformation, e.g. FunctionPass can only work on the current function passed to
it and has no information of the other functions.

2.1.3 Compilation Flow

Figure 2.2 depicts the compilation �ow of the program analysis and transformations. The
source code is compiled by the front-end of LLVM (clang ) accompanied with the pro�ling
information to Intermediate Representation (IR) code. Then, the middle-end generates
the information about the region structure of the program, the loop bounds, the possible
loop transformations, and the data footprint for each part of the program. The IR code
is passed to the back-end of LLVM to create the assembly code and extract the timing
and function stack information that can be mapped to the IR code. These information
are fed to a set of real-time algorithms that are developed in this work. The output of
these algorithms is a set of transformations to be applied on the IR code. The analysis-
transformation cycle can run for multiple iterations in which the transformed IR code is
analyzed and used by the algorithms. Finally, an executable is create for the optimized
program.
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Figure 2.2: Compilation Flow

2.2 Region-Based Program Structure

In this section, we introduce the region-based program structure as the base of the program
representation in our framework. Then, we discuss the region analysis in LLVM that
generates the region tree representation for the program. After that, we show our proposed
re�ned region-based structure that allows us to have a more detailed representation of the
program.

The region tree is equivalent to the Program Structure Tree (PST) which is de�ned
in [76] as a hierarchical representation of the program structure based on Single Entry
Single Exit (SESE) regions of the Control Flow Graph (CFG). PST is used to speedup
algorithms for compiler static analyses and optimizations. The bene�t of PST is that
each SESE region is a CFG on which analysis algorithms can be applied using divide-and-
conquer approach. PST is then used to combine the results from each SESE region to the
analysis result for the program.

The following de�nitions are the basic concepts used in the region representation:

Control Flow Graph (CFG) A control �ow graph (CFG) G = ( N; E ) of a program is
a set of basic blocks represented by verticesN connected with a set of edgesE. The
graph starts with an entry basic block and ends with areturn basic block. The basic
block is a set of statements executed in a linear order and the basic block might end
with a branch to compose a non-linear control �ow.

Dominance and Post-dominance In the CFG, node a dominates nodeb if every path
from the start of the CFG to b passes bya. Similarly, node b post-dominates nodea
if every path that from a to the end of the CFG passes byb.
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SESE (Simple) Region A SESE (simple) region is a subgraph of the CFG that is con-
nected to the other nodes in the CFG with only two edges, an incoming edge (entry
edge) and an outcoming edge (exit edge). The SESE region is de�ned using the entry
and exit edge such that the entry edge dominates the exit edge and the exit edge
post-dominates the entry edge.

Canonical Region A region that cannot be constructed out of a set of regions is a canon-
ical region. Two canonical regions are either disjoint or completely nested.

Trivial Region A trivial region is composed of one basic block.

Extended Region An extended region is a subgraph of the CFG that can be transformed
to a simple region by adding empty basic blocks to combine multiple entry edges or
exit edges.

Sequentially-Composed Regions Two regions are considered sequentially-composed if
the exit of one region is the entry of another region.

Region Tree (Program Structure Tree) The region tree (PST) represents the rela-
tionship between canonical regions such that a regionra is an ancestor of regionrb

if rb is completely contained inra. A ra is the parent or region rb if ra is the closest
containing region ofrb.

2.2.1 LLVM Region Analysis

The region analysis pass in LLVM constructs the region tree for canonical non-trivial
regions. A region can be collapsed to a single node and modeled as a call to a function
that contains the CFG of the region. This function can be analyzed and optimized; then
it can replace the original region.

The examples in Figures 2.3, 2.4 and 2.5 are adopted from [58]. The CFG in Fig-
ure 2.3b is constructed from the program code in Figure 2.3a and it highlights the simple
region that represents the if condition in the program code with single entry and single
exit. The example in Figure 2.4 shows an extended region in Figure 2.4a and how it can
be transformed to a simple region by inserting two empty basic blockst_ 1 and t_ 2 in
Figure 2.4b. The CFG in Figure 2.5 illustrates how the de�nition of an extended region
generalizes the de�nition of a region. In the �gure, the simple regions are fenced by solid
borders while the extended regions are fenced by dashed borders. Note that in LLVM the
top level region, which is the whole CFG that contains the nodee, is also considered a
region.
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(a) Program code

(b) Program CFG and simple region

Figure 2.3: Simple and extended regions example

2.2.2 Re�ned Region Tree

In our framework, we use regions as the basic unit of the program to apply ScratchPad
Memory (SPM) allocation or program segmentation. However, the region analysis in LLVM
has two limitations:

ˆ A basic block with multiple entries/exits is not considered a region.

ˆ A basic block with a function call or multiple calls is considered one region.

We propose to construct are�ned region tree that avoids these limitations and allows
regions with �ner granularity; hence provide more �exibility to our algorithms.

To obtain the re�ned regions, we �rst construct a modi�ed graph �G = ( �N; �E) from
the CFG G = ( N; E ), where �N is the set of basic block nodes, call nodes and merge/split
nodes and �E is the set of edges such that:

ˆ Each call to a function in Gf is split into a separatecall node.

ˆ A merge/split nodeis inserted before/after a basic block or a call node with multiple
entry/exit edges.

12



Figure 2.4: Extended region Example

Note that after the transformation, every node in �G that is not a merge/split node has a
single entry and a single exit; hence, it is a region. We use the termtrivial region to denote
any leaf of the re�ned region tree; note that by de�nition, each trivial region must comprise
either a single basic block or a single call node, i.e., trivial regions represent code segments
in the program. We denote a region that consists of a sequence of sequentially composed
regions as asequential region. A sequential region is not canonical as it is constructed
by combining other regions. Finally, we construct the re�ned region tree by considering
both canonical regions and maximal sequential regions, i.e., any sequential region that
encompasses a maximal sequence of sequentially composed regions. It is proved in [142]
that adding maximal sequential regions to the tree still results in a unique region tree.

The following example illustrates the process of constructing the re�ned region tree.
Figure 2.6a shows an example CFG and its canonical regions. The corresponding region
tree is shown in Figure 2.6b. In this example, regionr1 is the parent of regionsr2; r3 and r4.
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Figure 2.5: Simple (solid border) and extended (dashed border) regions in a CFG

Regionsr2 and r3 are sequentially composed; this is represented by a solid-line box in the
�gure. Figure 2.7 shows the re�ned CFG and region tree for the example in Figure 2.6. We
added merge points beforeBB 3 and BB 5, and split points after BB 1 and BB 3. Assuming
that function g() is called at the beginning ofBB 4, we split BB 4 to a call nodeBB 4a that
contains the function call and a basic blockBB 4b for the rest of the instructions in BB 4.
In the re�ned region tree in Figure 2.7b, regionsr1; r 0

7 and r4 are sequential regions. The
regionsr1 to r4 are the same as in the original region tree, while regionsr 0

5 to r 0
11 are added

as a result of the re�nement process. We refer tor 0
3 as acall region as it contains the call

nodeBB 4a. In this example, the leaf nodesr 0
5; r 0

11; r2; r 0
8; r 0

9 and r 0
10 are trivial regions.
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(a) Program CFG

(b) Region tree

Figure 2.6: Program CFGG and region tree

2.3 Loop Analysis and Transformation

In this section, we discuss two aspects about loops that we employ in our framework: loop
iteration bounds and loop transformations.

2.3.1 Loop Iteration Bound

As our framework targets real-time applications, each loop must have a bound on the
number of iterations that can be used in timing analysis. We obtain a bound on a loop
using one of three approaches:

ˆ Using the loop trip-count analysis.

ˆ Using programmer annotations.

ˆ Pro�ling the program and use the pro�ling meta-data added to the IR of the program.

The �rst method that utilizes the loop trip-count analysis is accurate, but we can only
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(a) Re�ned program CFG

(b) Re�ned region tree

Figure 2.7: Re�ned program CFG �G and region tree

use it if the number of loop iterations is constant1. For the second method, an annotation
can be inserted in the source code and attached to the loop so that it can be retrieved
as a meta-data during the analysis. Currently,clang , the front-end of LLVM, does not
support a #pragmaattribute for the loop bound. Hence, we added a new loop attribute as
following:

1 # pragma clang loop bound (x)

This allows the programmer to easily insert the required loop information in the source
code.

The �nal method uses LLVM provides Branch Weight Metadata that is generated by
pro�ling the program. Branch weights represent the likeliness of a branch instruction to
be taken, hence, we can use weight of the loop back-edge branch to estimate the number of
iterations. Note that this pro�ling method is dependent on the input data to the program.
The branch weights appear in the IR in the following format:

1For some cases, if the number of iterations is an expression, e.g. depends on the outer loop counter, a
max operation can be used to bound it.
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1 !0 = metadata !{
2 metadata !" branch_weights " ,
3 i32 <TRUE_BRANCH_WEIGHT >,
4 i32 <FALSE_BRANCH_WEIGHT >
5 }

2.3.2 Loop Transformations

Loop transformations are an important tool to improve the execution time of the loops
by e�ectively exploiting the features of the processor architecture. A loop transformation
must be legal, i.e. it preserves the temporal sequence of all dependencies and hence the
result of the program. There are many transformations that can be applied to loops, for
example: loop fusion, loop �ssion, loop peeling, loop skewing, loop tiling, loop unrolling,
..etc. However, it is always a challenge to choose the best set of transformations that
optimizes the required target. Although some transformations are supported in known
compilers, like loop unrolling and loop vectorization; the space exploration of the possible
loop transformations requires more expressive tools. There are multiple tools that support
both source-level and IR-level transformations, like Pluto [21], PoCC [115], and Polly [58].
Many of these tools utilize the polyhedral model [116] to represent and manipulate the
loops. As our framework is based on LLVM, we depend on Polly to perform the loop
analysis and transformations on the IR-level.

The goal of the optimization is usually to improve data locality and minimize the com-
munication in multi-core and distributed systems. In this work, we use loop transformation
to manage the data in the local scratchpad memory and to allow program segmentation
in multi-tasking systems. We are mainly interested in two transformations: loop splitting
and loop tiling. We next discuss how to represent these transformations in the region tree
of the program as well as the overhead incurred by them.

Loop splitting breaks the loop into multiple loops which have the same bodies but
iterate over di�erent contiguous portions of the index range.Loop tiling combines strip-
mining and loop permutation of a loop nest to create tiles of loop iterations which may
be executed together. A tiled loop nest is divided into tiling loops that iterate over tiles
and element loops that execute a tile. Ann-level tiled loop nest hasn tiling loops and n
element loops.

Figure 2.8 shows an example of loop splitting and loop tiling. The code of functionf()
is shown in Figure 2.8a and its region tree in Figure 2.8d in which regionr2 represents a
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(a) Original code

f(){
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for(..){

X2;

X3;

}
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(b) Code after splitting

f(){
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}
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(f) Region tree after tiling

Figure 2.8: Region representation of loop transformations
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single loop with N iterations. Region r2 can be split by expanding the loop region into
multiple regions. In the example, we splitr2 into three nodes as in Figure 2.8e: pre-loop
noder2p with kp iterations, mid-loop noder2m with N � kp � ks iterations, and post-loop
noder2s with ks iterations. This equivalent of having three loops in the code as shown in
Figure 2.8b. Tiling regionr2 will result in a single tiling loop and a single element loop as in
the equivalent code in Figure 2.8c which includes two nested loops. However, we represent
the tiled loop in the region tree in more details. The loop inr2 is tiled with tile size k. This
results in dN=ke tiles with �rst M = dN=ke � 1 tiles and a last tile with sizekl � k such
that kl = N � M � k. The �rst M tiles are complete tiles while the last tile might not be
a complete tile. This is illustrated in Figure 2.8f wherer M

2 is the tiling loop that iterates
over the �rst M tiles and r l

2 is the last tile. Note that r M
2 and r l

2 are considered sequential
regions. Adding the tiling loop incurs an overhead, e.g. the loop counters. We account for
such overhead by adding a region that represents the tiling overhead in sequence with the
element loops, i.e.r M

tile and r l
tile in Figure 2.8f.

Tiling Overhead

As we discussed in the previous example, tiling a loop incurs an overhead due to the added
tiling loops. When tiling n-level loops wheren > 1, another overhead comes o� due to
the loop permutations. To illustrate this overhead, consider the region tree for a 2-level
nested loop in Figure 2.9a. The inner loop hasN1 iterations and an execution timet1 and
an outer loop with N2 iterations and an execution time of one iterationN1 � t1 + t2. This
implies that the total timing of the loop nest is:

t loop = N2 � (N1 � t1 + t2)

A 2-level tiling with tile sizes k1 and k2 of the inner and outer loops will create 2 tiling
loops with dN1=k1e and dN2=k2e iterations, and 2 element loops withk1 and k2 iterations.
Let M 1 = dN1=k1e � 1, then the outer tiling loop has M 1 tiles with k1 iterations of the
outer element loop and a last tilekl

1 = N1 � M 1 � k1. Similarly, the inner tiling loop
has M 2 = dN2=k2e � 1 tiles with k2 iterations of the inner element loop and a last tile
kl

2 = N2 � M 2 � k2. The tiling overhead for each iteration of the tiling loop ist1
tile and t2

tile
for the inner and outer loop, respectively. The resultant region tree in Figure 2.9b has 4
tile times: t2

1 repeatedM 1 � M 2 times, t2
1l repeatedM 2 times, t2l

1 repeatedM 1 times, and
t2l
1l executed one time. Adding the tile times will result in:

t0
loop = t loop + N2 � M 1 � t2 + ( M 2 + 1) � (M 1 + 1) � t1

tile + ( M 2 + 1) � t2
tile
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Hence, the total tiling overhead is:

toverhead = t0
loop � t loop = tpermutation

overhead + t tiling loops
overhead

And the overhead terms are:

tpermutation
overhead = N2 � M 1 � t2

t tiling loops
overhead = ( M 2 + 1) � (M 1 + 1) � t1

tile + ( M 2 + 1) � t2
tile

The permutation overhead is a consequence of the interchanging the tiling and the element
loops. That is, as the tiling loop of the inner loop is moved on top of the element loop of
the outer loop, the element loop of the outer loop is executed more times.

2.4 Memory Access Information

Optimizing memory accesses is the core of our work. So, our goal is to precisely identify the
memory accesses for every part of the program. A memory instruction can target di�erent
sections of the memory. This includes the stack, the heap and the global data. Analyzing
memory accesses is usually done in the compiler using pointer analysis.

Pointer analysis or points-to analysis tries to decide statically what are the objects that
a pointer may refer to at run-time. It is an essential analysis for languages with pointers.
There has been tens of papers that explore the trade-o�s between e�ciency and precision
of the pointer analysis [69,130].

Alias analysis is another term that is usually used interchangeably with pointer analy-
sis. However, alias analysis focuses on the relations between pointers to determine if two
pointers can point to the same object while pointer analysis tries to answer the question
of what objects a pointer might point to.

There are a wide range of applications that bene�t from pointer analysis. Pointer
analysis is used in compilers for live range analysis to improve register allocation, constant
propagation, static checking for run-time errors, multi-threading, cache analysis, etc. For
real-time systems, pointer analysis can improve the accuracy of Worst-Case Execution
Time (WCET) analysis by predicting the accesses to memory in systems with multiple
memories.

The precision and the cost of pointer analysis depends on the implementation. There
are multiple aspects to the analysis:
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Flow-sensitivity Flow-sensitive analysis computes points-to sets for each program point
while �ow-insensitive analysis is concerned about points-to sets at any time in the
program collectively. Flow-sensitive analysis is more expensive.

Context-sensitivity Context-sensitive analysis considers the calling context when ana-
lyzing the function while context-insensitive analysis analyzes the function indepen-
dently. Context-sensitivity requires inter-procedural analysis and so adds complexity
to the implementation.

There are other factors that a�ect the analysis like path-sensitivity, �eld-sensitivity and
heap-modeling. There are many approximations that try to improve the precision of the
analysis with a reasonable complexity. The application of pointer analysis is a main factor
to determine if the added precision is worth the cost.

LLVM provides a set of alias analysis passes that are e�ective for most of the common
access patterns. Using LLVM analyses, memory accesses that target distinct global objects,
stack allocations and heap allocations can be easily identi�ed. LLVM also provides a limited
context-sensitive alias analysis for global objects, and an analysis based on Scalar Evolution
for loops that reasons about the induction variables. Other pointer analysis techniques
can be built upon the LLVM alias analysis infrastructure. For example, SVF [3] utilizes
interprocedural dependence analysis to construct a more precise pointer analysis for LLVM.
We use SVF to obtain �ow-sensitive points-to information.

Note that pointer analysis is carried-out on the IR representation. So, it captures
memory operations that are represented by load and store instructions. However, there
are accesses to the program stack that only materialize when generating the assembly of
the program; more speci�cally, stack accesses that are result of register spilling. Compilers
assume an in�nite number of registers in their IR representation. However, some of the
registers have to be spilled to the stack when the back-end of the compiler schedules the
assembly instructions due to the limited number of registers on the target processor. We
account for such memory accesses in the back-end analysis. This is done by accounting
for the load and store assembly instructions that target the stack, but do not access the
allocated local objects.

For loops that are split or tiled, we extract the data footprint of each object used in
the loop as a function of the transformation parameters. We make use of Polly to generate
a rectangular bounding box over the data accessed inside the loop as a linear function of
the number of iterations. If the accesses of an object are irregular or data dependent, the
footprint of the object is the whole object.
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In the developed algorithms in this work, we rely on software to mange the local SPM.
So, we apply the following transformation pass to promote large local objects to be global
objects. This enables more control on the content of the SPM.

2.4.1 Stack Object Promotion

The stack section in the memory has two components: a) temporary spilled registers and
calling context b) allocated local objects. Allocated local objects can be large and hence
it might not be possible to move the stack to the local memory. In order to allow a
�exible allocation of the stack, a pass is implemented to promote large local objects to
global objects [84]. This reduces the maximum stack size and provides the possibility to
allocate local objects in the main memory or in the local memory without the need to
manage multiple stacks. Applying the stack promotion on the IR level allows the compiler
to optimize the code for the local objects before the promotion. Also, the promotion pass
marks the promoted object as local to the function; hence the object does not need to have
an initial value and does not have to be written back after the function scope, counter to
static local objects in C for example.

The pass identi�esal loca IR instructions and checks if the size of the allocated object
is larger than a speci�ed threshold, e.g. 32 bytes. For example:

1 %ptr = al loca [10 x32 ]

This object is promoted to be a global object with the same size:

1 @ptr_global = global [10 x32 ]

After the object is promoted, all accesses to the local object are modi�ed to reference the
new global object.

2.5 Back-end Analysis

The purpose of the back-end analysis is to analyze the machine instructions and create a
map between the machine CFG and the IR CFG. This allows us to estimate the timing of
di�erent parts of the program at the IR level. Hence, we are able to perform timing-aware
IR optimizations.

LLVM IR code is translated to a machine speci�c representation [2] with functions,
basic blocks, and instructions. Mapping between IR CFG and machine CFG is possible as
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LLVM keeps track of the relation between the basic blocks in the back-end. However, a one-
to-one mapping between basic blocks does not always exist due to back-end optimizations
that removes or adds basic blocks. We keep track of the removed and added basic blocks
and use them to generate conservative timing estimates.

Analyzing the back-end also provides information about the memory requirement of
the program stack at each point of the program. So, we extract the stack size for each
function and use this information to assign the required space in the local memory.

2.6 Summary

In this chapter, we presented our compilation framework based on LLVM compiler and how
it is integrated with the algorithms that we discuss in the next chapters. Analysis passes
are utilized to collect information about the program structure, loops, memory accesses,
and mappings to back-end assembly. Program transformations are passed by optimization
algorithms to the middle-end of the compiler and applied on the program IR. We rely on
this compilation �ow as the basis for our proposed techniques.
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Part I

The Case of Single Task Execution
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Chapter 3

Scratchpad Management: Background
and Related Work

In this chapter, we discuss the background and the related work for Chapter 4. Section 3.1.1
discusses the use of caches and ScratchPad Memory (SPM) in real-time systems, prefetching
in general purpose processors, and the techniques for Worst-Case Execution Time (WCET)
analysis. In Section 3.2, we focus on the previous research on SPM management and
di�erent allocation techniques for real-time systems as well as general-purpose computing.

3.1 Background

3.1.1 On-Chip Memory in Real-Time Systems

As estimating the WCET of a program is a critical aspect in real-time systems, various
techniques have been proposed to provide a safe and tight bound when on-chip memory
is used. In order to obtain a safe bound, the target of the memory accesses should be
known to estimate the expected delay. The simplest solution is to assume the worst-case
delay for all the accesses which highly overestimates the WCET. To be able to obtain a
tighter bound, researchers have developed predictable techniques to analyze and control
the memory accesses.

Caches and SPM are the two common forms of on-chip memories used in current pro-
cessors. Caches are hardware-controlled, transparent to the software, and use heuristics to
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exploit temporal and spacial locality. SPM is directly accessed by the processor, software-
managed, and has a smaller footprint. Caches have proved a high e�ciency in general-
purpose computing that focuses on improving the Average-Case Execution Time (ACET)
without the need to develop cache-aware software. SPM was introduced as a low energy
alternative to caches [15]. It also provides better predictability for the WCET in real-time
systems [155]. However, SPM has to be managed either by the programmer or using an
automated compilation process. This limits the portability of the software as the SPM
allocation is tied to the con�guration of the platform.

The predictability of cache behavior is a�ected by several aspects: associtivity, replace-
ment policy, write-back policy, and separation of data and instruction caches [67]. The
cache replacement policy has the main impact on the cache predictability [122]. Static
cache analysis is used to classify memory accesses as cache hits or misses [96]. The anal-
ysis of Least Recently Used (LRU) replacement policy in conventional caches based on
abstract interpretation has been the foundation for cache analysis [51]. LRU policy o�ers
high predictability of the cache behavior. However, the analysis of the common non-LRU
replacement policies of set-associative instruction caches, like pseudo-round-robin in the
ColdFire MCF 5307, and the PLRU (Pseudo-LRU) in the PowerPC MPC 750 and 755,
produces pessimistic WCET bounds [67]. In [122], Reinekeet al. analyzed di�erent instruc-
tion cache replacement policies and showed that LRU policy is the most predictable while
Pseudo-LRU and FIFO perform signi�cantly worse than LRU. A quantitative approach
is proposed in [61] to reduce the overestimation ratio of WCET for FIFO replacement
policy. A k-miss classi�cation is used in [60] to analyze MRU replacement policy used for
instruction caches in processors like Intel Nehalem that showed a close WCET estimation
to the LRU policy. A more precise analysis for PLRU policy is introduced in [59], but
with a limited scalability. Although the cache analysis is applicable for both instruction
and data caches, there are no available techniques to analyze non-LRU policies in data
caches [67]. The main challenge of analyzing data caches is the precision of value analysis
due to the usage of pointers, dynamically allocated data, and data dependent array indexes.
In [50, 95], the authors try to derive the WCET by restricting the reference string, which
is the sequence of addresses generated by memory operations, by skipping the cache when
the address is unpredictable. This method overestimates the WCET as it eliminates the
bene�t of the cache for any unpredictable address. CAMA is a memory allocator proposed
in [68] that employs shape analysis to ensure that data structures that exist simultaneously
in the cache do not con�ict.

To improve the predictability of the cache analysis, two important approaches have been
proposed: cache partitioning and cache locking [56,103]. Both approaches help to reduce
the number of cache states that should be considered for the WCET analysis by disabling
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the cache replacement policy for part of the cache. Cache partitioning considers a shared
cache between tasks or cores [26, 32, 93, 105, 124, 150]. It divides the cache into partitions
based on cache ways or aggregation of associative sets and assigns a partition for each task.
This prevents the possible interference between tasks and isolates the cache analysis of each
task. Cache locking allows to mark a cache line/way as locked using a hardware feature
that is available in many embedded processors [11,26,41,42,124,143�145]. Locking a cache
line/way prevents the replacement of this line/way until it is unlocked which enforces a
more predictable behavior for the cache accesses.

Method cache [125] is an alternative cache architecture for instruction cache that stores
a complete method/function which means that cache misses can only happen on the call
and return program points. The replacement of cache content depends on the call tree
of the program rather than the addresses of the instructions which facilitate the WCET
analysis. The method cache is used as part of real-time java processor in [126] and a WCET
analysis tool is designed for the estimation of WCET at the byte-code level using Integer
Linear Programming (ILP).

Using SPM in real-time systems is growing as it enhances the predictability of memory
accesses. Unlike caches, the content of the SPM only depends on the program point
and does not require the reference string to predict the target of the memory access [156].
Wehmeyeret al. studied the usage SPM on the WCET analysis in [153] and showed that it
can signi�cantly improve the predictability without the need to modify the timing analysis
tool. They also presented a comparison between the impact of using caches and SPM on
the WCET in [155]. The study showed that increasing the size of the cache increased
the di�erence between the simulated ACET and the estimated WCET. On the other
hand, increasing SPM size decreased the estimated WCET with a steady ratio between
the ACET and the WCET. In a comparison between an instruction SPM and a method
cache, Whithamet al. [158] showed that a method cache has a lower true WCET. However,
an instruction SPM produces lower estimated WCET using WCET analysis. We review a
wide range of techniques for SPM allocation for both general purpose and real-time systems
in Section 3.2.

3.1.2 Cache Prefetching

Cache prefetching has been exploited in general purpose systems for a long time to e�ec-
tively reduce the cache miss rate [25,103]. The cache has an implicit prefetching capability
when a cache miss happens as it fetches the whole line containing the required instruc-
tion/data to take advantage of spatial locality. Prefetching techniques try to hide the
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transfer latency of a cache miss by loading the required line before its use using hardware
or software. Hardware prefetchers use simple algorithms to speculate the next line to be
referenced like detecting strided accesses to an array or prefetching next few lines. Software
prefetching is performed by inserting prefetch instructions in the code. Data prefetching is
more challenging than instruction prefetching as the data access patterns are more irregu-
lar. Cache prefetchers used in general purpose systems are based on speculation which is
not suitable for real-time systems as it increases the intractability of the cache analysis.

Cache prefetching has been combined with instruction cache locking for real-time sys-
tems in [12, 35]. In [12], two address-tagged bu�ers are used for fetching and prefetching
along with dynamic locking instruction cache. The memory lines to be loaded and locked
in the instruction cache are selected using an ILP-based solution to minimize the WCET
including the context switching time in a multitasking system. Their method shows that
prefetching improves the WCET with small dynamic locking cache compared to locking
techniques without prefetching. The approach in [35] focuses on program code converted to
single-path form by transforming unpredictable branches to single execution trace. They
exploit prefetching to improve spatial locality and cache locking to make use of temporal
locality.

Prefetch distanceis de�ned as the distance ahead in the execution of which a memory
address should be requested [87]. Prefetching is useful if the prefetch request is sent early
such that the prefetch distance hides the memory transfer latency. The prefetch distance
varies during run-time due to di�erent execution paths. In a cache system, the prefetch
distance should not be too large or too small. Prefetching a cache line very early can
result in evicting cache lines in use which incurs more cache misses. In summary, prefetch
distance is a key factor that can a�ect the usefulness of the prefetching technique.

Both hardware and software prefetching approaches have their strengths and weak-
nesses [87,108]. Unlike software prefetching, hardware prefetching techniques do not need
help from the programmer or the compiler and can be applied to compiled programs with-
out changes. Hence, they do not increase the program size as no prefetching instructions
or hints are inserted. Also, hardware prefetchers can be used for both data and instruc-
tion caches while software prefetchers is mostly used for data. However, the dedicated
hardware used for prefetching is large compared to software prefetching especially for com-
plex data structures. The number of streams to be traced using hardware prefetchers are
limited to the available hardware resources while software prefetching schemes are more
�exible. Also, hardware prefetchers require training to be able to increase the accuracy
of prefetching which may not be e�cient for shore streams of data and irregular memory
accesses. Software prefetching can be optimized for the application exploiting the avail-
able compile time information to produce more accurate prefetching results. However, the
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software overhead added can signi�cantly reduce the e�ciency of the prefetching scheme.
Other factors like the cache level in which the cache line to be prefetched are considered in
software prefetching techniques. Many approaches are proposed to combine software and
hardware prefetching techniques to leverage the merits of both approaches.

3.1.3 WCET Analysis

WCET analysis is a necessary step in developing hard real-time systems. The analysis
estimates an upper bound on the execution time of a program to ensure the satisfaction of
the timing constraints of the system. A set of programming rules are adhered in real-time
systems that helps in providing an execution bound such as: the program always terminate,
recursion is not allowed and the loop iteration count is bounded. The WCET estimation
di�culty depends on the complexity of the platform architecture. Also, the dependency of
the execution time on the input makes it hard to derive a bound as the worst-case input
is usually unknown.

The methods for WCET analysis can be classi�ed to two main categories:

Measurements The program code is executed on the target platform or using a simulator.
A range of execution times are measured for a set of inputs and combined to estimate
the WCET for the program.

Static Analysis A static method does not rely on the execution or simulation of the
program. The Control Flow Graph (CFG) of the program is analyzed in combina-
tion with an abstract model of the hardware to produce a safe upper bound on the
execution time.

Processor architecture is modeled to be able to analyze its behavior for simulation or
static analysis. The accuracy of the model is a key factor to the accuracy of the timing
behavior. However, a concrete model of a processor is usually complex. So, a conservative
abstract model is considered su�cient. Validation of the abstract model is necessary to
consider the model trustful. Measurements, trace observation, and equivalence checking of
abstraction levels are used to validate abstract models.

Measurements are more suitable for soft real-time systems as they produce estimations
rather than bounds. An end-to-end measurement gives a distribution for the execution
times of a subset of the possible executions based on some possible contexts. However, the
bound on the WCET cannot be guaranteed unless the context of the worst case is known.
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The bound can be calculated by measuring the execution time of parts of the program
and combining them using path analysis. This can generate better approximations, but
the same problem of the possible contexts apply for the execution of parts of the program.
Exhaustive coverage of all the possible executions is usually infeasible.

Instrumentation using software and/or hardware is a common way to provide timing
measurements. There are other methods that do not interfere with the program execution
like using logic analyzers and hardware tracing. Simulators that incorporate a model for the
processor can be also used to collect measurements for some set of inputs. Measurements
can be used to validate the precision of the analytical methods by comparing the predicted
execution times with the measured ones.

Static methods guarantee a safe bound that may be overestimated. A set of analyses
is applied to the program code using an abstract model of the underlying platform to
obtain upper bound on the execution time. Value analysis is used to compute ranges for
the values in the processor registers and program variables. These ranges are used to
obtain e�ective memory addresses and loop bounds and also to detect infeasible paths.
The program can also be annotated to provide such information. Control-�ow analysis
determines a set or a super-set of the possible execution paths and ignores paths that do
not contribute to the upper bound. The analysis can be applied to the source code, the
intermediate representation or the machine code of the program. Several methods are used
to map between the program structure of di�erent code levels: Pattern-matching, data-�ow
analysis, symbolic execution of the source code, and abstract interpretation. The control-
�ow analysis generates a set of annotations or �ow facts that can be used to constrain
the program behavior. Another necessary information to derive a bound on the execution
is the behavior of the processor when executing an instruction. Due to the architecture
aspects like pipelining, caching, and branch prediction, the execution of an instruction is
dependent on the history of the execution. An abstract model of the system is used to
obtain possible states of the processor for a program point with conservative assumptions
about unknown states. Data �ow analysis based on abstract interpretation is usually used
to analyze the processor behavior. A brief discussion about abstract interpretation is
presented in Section 3.1.3

Bound calculation computes a bound on the execution time based on the information
gathered by the static analysis or by combining the measurements of code parts to obtain an
end-to-end execution time. There are three main methods for bound calculation: structure-
based, path-based and implicit-path enumeration (IPET). Example in Figure 3.1 [47] shows
the di�erent bound calculation approaches. Figure 3.1a shows the CFG of the example
program indicating the timing for each block and the loop bounds.
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Figure 3.1: Methods of bound calculation [47]
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Path-based bound calculation searches for the path with the longest execution time.
This method represents the paths explicitly, however the number of paths is exponential in
the number of branches which makes the search process prohibit-able in the case of nested
loops without a heuristic. The path-based approach is applied in Figure 3.1b where the
longest path is determined inside the loop and then the total WCET is calculated using
the loop path, the loop bound and the exit path.

IPET method represents the structure of the program as a set of �ow constraints and
each basic block in the program is marked by an upper bound on its execution time and
a number of execution times. The WCET bound is obtained by maximizing the sum of
products of the execution counts and times. The size of the problem is proportional to the
�ow points converted to �ow constraints which can grow exponentially with the program
size. The constraint system is usually solved as an ILP problem. The �ow constraints for
the example in Figure 3.1c show a start and exit constraints that imply one entry and one
exit. Then, the program �ow is formulated as structural constraints to ensure that the
number of times of entering and exiting a basic block are equal. Finally, the loop count
constraint is added and the system is solved to maximize the WCET.

Structure-based methods apply a bottom-up traversal of the syntax tree of the program
combining bounds of the constituting nodes according to the corresponding statement
type. A set of nodes is replaced with a one node with a combined timing. To consider
di�erent �ow contexts, transformation like loop unrolling can be applied to the syntax tree.
Applying the structure-based approach to the syntax tree might not be straightforward due
to code optimizations that alter the mapping between structures of the source code and the
executable. The structure-based method is used in Figure 3.1d by collapsing set of nodes
into combined nodes iteratively according the representing statement,i.e., conditional,
sequential, loop, to obtain a single node that represents the WCET.

Abstract Interpretation

Abstract interpretation [37] is a static program analysis based on abstract domains. That
is, it executes an abstraction of the program on an abstract descriptions of values instead
of executing the actual program on the concrete domain of values. An abstract state is
associated with each program point which describes a set of concrete states at this point.
An update function is used to update the abstract state based on the change that would
happen to the concrete state when the program executes. The control �ow is handled by
merging the abstract states in a sound way whenever the �ow merges.

Abstract domains are lattices [82],i.e., partially ordered sets where all subsets have
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least upper bounds. The relative information of two elements in the lattice is represented
by the partial order such that a lower element in the lattice carry more information than
a higher element in the lattice. The update functions are monotone [37] such that the
information contained in the current state state is preserved when updated. The �ow
merging is handled with the least upper bound operation to join abstract values.

3.2 Related Work

SPM has been used to reduce energy consumption [15], improve the average-case perfor-
mance, and improve the predictability of the system. In this section, we review allocation
techniques in the literature for general-purpose systems and real-time systems.

There are two main categories of SPM allocation schemes: static and dynamic. Static
allocation loads the content of the SPM at the beginning of the program and does not
change it during run-time. On the contrary, dynamic allocation allows the contents of
the SPM to change during run-time by inserting loading/unloading points in the program.
Both static and dynamic allocation techniques are decided before run-time either by man-
ual programming or automated compile-time algorithms. There have also been e�orts to
develop SPM allocators that decide where to allocate a memory object during run-time.
We review the related work for static techniques in Section 3.2.1, dynamic techniques in
Section 3.2.2 and run-time allocators in Section 3.2.3

3.2.1 Static Allocation Techniques

Static allocation is considered a partitioning problem in a system with multiple memories,
e.g. on-chip SPM and main memory. Most of the proposed solutions for static allocation
are based on a variation of the common knapsack problem [10].

Allocation of global objects has been modeled as a 0-1 knapsack problem in [128]
to allocate the most frequently-accessed objects based on points-to analysis and pro�ling.
Avissar et al. presented an optimal memory allocation for global and stack data in an SPM
based system using 0/1 ILP solution in [14]. The approach distributes the program stack
between multiple memories which o�ers allocation �exibility and improved performance.
An extension to the approach for heap objects is discussed in [13]. However, the allocation
of heap objects is not optimal and relies on pro�ling and modi�cation ofmalloc function to
target an allocation site to either the SPM or DRAM. A Tabu Search heuristic is proposed
in [72] as an easy to implement alternative for solving the knapsack problem.
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The work in [107] implements a static allocation scheme for compile-time-unknown
SPM size. The scheme relies on the optimal solution developed in [14] to allocate global
and stack objects and code in the SPM. The allocation problem is solved for a range of
SPM sizes and stored in a compact format that is installed in the beginning of the program
to modify the binary according to the available SPM size during run-time.

A WCET-oriented allocation algorithm for global and stack objects of non-recursive
functions is introduced in [134]. The algorithm is based on a greedy heuristic to solve the
ILP formulation of the allocation problem to minimize the WCET of the program. Another
WCET-aware allocation of program code is discussed in [49] that incorporates an ILP-based
allocator to minimize the WCET. In [162], a static allocation strategy for program code is
described in a hybrid SPM-cache system to reduce the WCET. The approach is extended
to both code and data in [170]. The allocation algorithm in [149] optimizes for the energy
consumption while respecting an upper bound on the WCET. A static allocation scheme
is introduced in [117] that targets the Precision Timed Architecture (PRET) [92] to ensure
the temporal requirements are met. A greedy approach that targets both instruction and
data for PRET is presented in [111]. The work in [80] combines static allocation of SPM
and task scheduling for preemptive hard real-time systems.

Steinke et al. optimizes the static allocation of code and global objects for energy
reduction in [133]. The approach is extended in [147] to partition arrays that do not �t in
the SPM in the original approach. A similar approach in [154] presents an energy model
and an optimal ILP formulation to solve the partitioning problem for energy reduction.
The energy-oriented work is covered in [73].

A variety of approaches try to solve the partitioning problem between the SPM and
DRAM to reduce cache pollution and minimize con�icts in cache-based systems [81, 109,
148,171]. An allocation approach for global and local objects that improves the code size
by optimizing the pointer type assignment using ILP formulation is presented in [129].

3.2.2 Dynamic Allocation Techniques

Verma et al. [146] has shown that the dynamic allocation is an extension of the global
register allocation problem. They proposed an optimal formulation for the memory objects
selection and spilling and a near optimal heuristic for the address assignment of the objects
in the SPM.

Udayakumaran et al. [139] proposed a pro�le-dependent dynamic allocation strategy
for global and stack objects and program code. The method partitions the program into
regions and uses a Data-Program Relationship Graph (DPRG) to represent the timing
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relationship between the regions. The memory transfers are inserted at the start of each
region based on an allocation heuristic and a cost model to maximize the bene�t of moving
objects to the SPM. In order to be able to handle pointers, the authors proposed two
alternatives, the �rst is based on run-time disambiguation of the pointer to determine if its
reference is in the SPM using a compiler-inserted code and a height-balanced tree structure
to translate the address from DRAM address to SPM address which incurs high run-time
overhead. The second alternative is to �x the address of the object in the regions where it
is accessed using pointers which limits the optimization of the allocation.

The greedy algorithm in [139] is adapted in [70] to optimize the allocation in a hybrid
system consisting of SPM and non-volatile memory (NVM) for both memory access latency
and the number of writes to the NVM. An Adaptive Genetic Algorithm for Data Allocation
(AGADA) is proposed in [119] for a similar system that produces a better solution than
the greedy algorithm.

Li et al. developed a dynamic allocation algorithm for data aggregates via graph col-
oring in [88] by partitioning the SPM into a pseudo-register �le and solving the allocation
problem as an extension to register allocation to obtain near-optimal solutions compared
to ILP solutions. In [90], they proposed to use interval coloring which exhibited a better
performance compared to [88].

A data allocation algorithm for global and stack objects is developed in [40] to optimize
the allocation for WCET. The problem is formulated as an ILP and solved with a greedy
heuristic that is applied iteratively to account for changes in the worst-case execution path
after allocation.

Several works discussed array-based allocation of data SPM. In [77�79,89], loop trans-
formations are used to partition arrays into data tiles and fetch them to the SPM when
used. On demand array-tiling and SPM allocation are combined in [163] using a com-
parability graph coloring allocator. An iteration-access-pattern-based technique in [165]
overlaps SPM space between array blocks when the array elements are not used in later it-
erations which allows increasing the block size and decreasing the memory transfers. Absar
et al. [4] handle tiling for irregular access pattern with indexing array referenced with an
a�ne function. In [36,74], a data reuse analysis is used to identify the reuse pattern of ar-
ray elements within a loop to reduce the number of memory transfers. Run-time decisions
are used to improve tiling approaches for irregular access pattern of array-based applica-
tions in [31,34]. Chenet al. [31] handle irregular accesses using indexing array referenced
with an a�ne function. In [34], a hardware component (DART), data access record table,
records the memory access history to keep frequently accessed data in the SPM for indi-
rectly accessed arrays with non-a�ne reference functions. Both approaches use compiler
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generated address assignment for data layout in the SPM. Yemlihaet al. [168] develop a
model based on markov chain to predict irregular data accesses. Array-based approaches
mainly target video/image processing applications where the kernel of the application is
constructed from nested loops that access multi-dimensional arrays [31].

A scratchpad controller is integrated with the CPU in [75] to achieve a low overhead
management of the instruction SPM. A dedicated instruction, Scratchpad Managing In-
struction (SMI), is used to activate the SPM controller to stall the CPU and start copying
instructions from DRAM using a Basic Block Table (BBT) that contains the required
information to copy the basic blocks. The allocation algorithm uses a graph partitioning
procedure to choose the points where SMI instructions should be inserted to reduce the en-
ergy consumption. A similar architectural extension is proposed in [23] where a cache-like
tagging system is used for instruction SPM blocks and managed by explicit instructions
inserted in the code to change the execution mode between the SPM and DRAM. A frame-
work is introduced in [33] to dynamically allocate instructions and data in the SPM using
an Address Translation Logic (ATL). Software interrupts are inserted in the binary code
to invoke an SPM management routine to con�gure the ATL. A management technique
for code placement for a memory system consisting of an SPM and a mini-cache with a
memory management unit (MMU) is discussed in [46]. The technique pro�les the appli-
cation and classi�es the code to cache-able and page-able and loads the page-able code
regions on demand during run-time to the SPM. The memory management unit (MMU)
and interrupts are also used in [71] to dynamically allocate pages of the program code by
merging small basic blocks.

Whitham et al. [157,159,160] developed a scratchpad memory management unit (SMMU)
to enhance the predictability of load/store operations. In their work, they depend on the
separation of the logical address used in the program code and the physical address of an
allocated object in the SPM to tackle the pointer aliasing and invalidation problems. The
SMMU is programmed using OPEN/CLOSE operations to move data between SPM and
main memory and a comparator network is used to translate logical addresses to physical
addresses based on the location of the object. A comparison between the average-case
performance of data caches and the worst-case performance of using SMMU with SPM
in [156] showed that using SPM provided predictability while maintaining a performance
similar to data caches.

The work in [44] is the only compile-time allocation for heap data. The approach in
this paper is based on assigning a �xed size, which is called bin, to a dynamic structure
with unknown size, like a linked list. If the size of the dynamic structure exceeds the
size of the bin, the allocation is directed to the DRAM. A bin can be moved between the
SPM and the main memory in the same way global and stack objects are handled in [139].

37



The approach does not guarantee a predictable behavior as the dynamic structure is split
between the SPM and DRAM.

Dominguez et al. developed a compiler-directed scheme for recursive function data
allocation in [43]. The approach is able to dynamically allocate a portion of recursive stack
data in the SPM. The scheme incorporates a depth check for the function recursion and
decides if the stack frame is pro�table to allocate in the SPM using pro�ling.

In [16], the authors propose an allocation scheme for SPM for a higher level data�ow
model of computation to make optimal use of the SPM based on memory access time and
energy consumption.

The placement of the data with possible duplication in a multicore system is discussed
in [62]. The paper targets executing a single task on a multicore system with virtual SPM
in which local and remote accesses to distributed SPM are allowed. In their approach,
the task is divided into parallel code regions that can be executed on multiple cores and
dynamic movement of the data occurs between the execution of parallel regions. The
optimization objective is the memory access cost considering di�erent access times for
local and remote SPM.

A prefetching technique is applied in [164] on the loop level. The authors use SPM
data pipelining (SPDP) technique that utilizes Direct Memory Access (DMA) to achieve
data parallelization for multiple iterations of a loop based on iteration access patterns of
arrays. SPDP technique focuses on array-based applications where regular accesses can
be statically analyzed. A similar technique is used in [38] to minimize the energy and
maximize average performance. They propose a general prefetching scheme for on-chip
memory using DMA priorities and pipelining to prefetch arrays with high reuse.

3.2.3 Run-time Allocation Techniques

Pyka et al. implemented a run-time allocation strategy in [118] that incorporates auto-
mated compiler transformation and operating system management of the SPM to reduce
the energy consumption. The allocation scheme depends on information about the content
of the SPM and the possible objects to be allocated during run-time to allocate program
code, static global objects, and dynamically allocated objects. Code transformation adds
locking and de-referencing layers to ensure correct addresses during run-time.

A run-time technique to manage the allocation of stack in the SPM is proposed in [110].
The technique is based on the use of Memory Management Unit (MMU) and splitting SPM
into slots similar to virtual memory systems where DRAM is partitioned into pages. A
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fault handler and a replacement policy are incorporated to handle the allocation during
run-time. The implementation does not require additional hardware or compiler support.
However, the technique lacks predictability. A similar approach is applied in [127] with a
software implementation.

An OS-level run-time approach in [106] relies on annotations inserted by the program-
mer to provide the OS with hints to choose the most suitable memory using run-time
allocator. In [63], a software management scheme of SPM that implements a fully asso-
ciative cache is proposed. The scheme achieves results similar to a fully associative LRU
organization which is practically infeasible using hardware. A similar approach is intro-
duced in [104] where a compiler framework is used to substitute the tag-memory and cache
controller hardware. This framework allows the selection of cache line size, replacement
policy, and associations based on the program. However, such approaches add high over-
head in the software. In [39], a memory reference sampling unit identi�es the frequently
accessed memory regions at run-time and processes the memory allocation using MMU
unit in a hybrid cache/SPM system. The allocation does not require a compiler support
and shows a similar performance to systems with cache only while reducing the energy
consumption.

In [102], a management unit called dynamic instruction scratchpad (D-ISP) is added to
the processor to allocate program code on function-based granularity with run-time address
translation and FIFO replacement policy for allocating functions on demand in the SPM.
The approach eliminates the interference of instruction and data memory accesses for more
precision in the WCET analysis. CASA is a contention-aware allocation scheme proposed
in [30] that adds a run-time cache miss tracker to allocate pages with signi�cant misses
to the SPM. The scheme uses a threshold to invoke an interrupt to move a page to the
SPM and a translation lookaside bu�er (TLB) to redirect the address to the SPM. SPM
Allocator (SMA) is introduced in [100] as a light weight memory management for heap
allocation in small on-chip memories.

In [9], a run-time SPM management approach is proposed for multicore architectures
with hybrid on-chip memory comprising caches and SPM. The management scheme maps
private inputs and outputs of the task to the SPM during run-time transparently to the
programmer and overlaps the data transfers with task scheduler or previous task. The
evaluation of the approach improved the ACET, the power consumption and the network
tra�c in a 32-core multicore system.

Prefetching using DMA is supported in [54]. Francescoet al. add a DMA engine to
the processor to control the DMA transfers using a job queue such that multiple jobs
are scheduled and processed one after the other without stalling the DMA. They also
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provide high level functions to reserve the SPM space and manage the DMA transfers. A
dynamic memory manager (DMM) to handle the allocation at run-time as the SPM space
is allocated using malloc/free-like functions in the source code.

Although run-time techniques can enhance portability of the programs as they can
adapt to the available SPM in the system, they lack predictable behavior.

3.3 Summary

In this chapter, we reviewed the background and the related work on SPM management.
In the next chapter, we introduce our WCET-driven allocation and prefetching approach
for data SPM in real-time systems.
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Chapter 4

WCET-Driven Dynamic Data
Scratchpad Management with
Compiler-Directed Prefetching

In the last chapter, we reviewed the background and the related work on the ScratchPad
Memory (SPM) management techniques. Our goal in this chapter is to develop an au-
tomated SPM management scheme that uses software prefetching to e�ectively manage
the SPM and to tackle the memory latency problem in a predictable way. Our scheme
incorporates SPM controller and a compilation �ow based on the framework introduced in
Chapter 2 to analyze, optimize the SPM allocation and transform the code.

The rest of the chapter is organized as follows. We introduce the framework in Sec-
tion 4.1. We then show a motivating example in Section 4.2. We detail the region-based
program representation as a basis for the allocation scheme in Section 4.3. Our proposed
allocation mechanism is explained in Section 4.4, and the compilation �ow in Section 4.5.
Section 4.6 discusses the allocation algorithm, and Section 4.7 introduces the Worst-Case
Execution Time (WCET) abstraction for our prefetch mechanism. Finally, we present in-
sights into dynamic allocation and prefetching in Section 4.8 with experimental results in
Section 4.9, and provide concluding remarks in Section 4.10.
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4.1 Introduction

A lot of research e�ort has been invested in exploring di�erent allocation schemes for code
and data in SPM to exploit its bene�ts for performance, energy reduction and predictability.
We focus on data allocation as it is more challenging than code allocation. The goal of
this work is the design of an e�cient and predictable prefetching technique for data SPM
in real-time systems.

Static and dynamic allocation techniques discussed in Section 3.2 can provide pre-
dictability as long as it is known if the memory operation will access the SPM or the main
memory. Some allocation algorithms target optimizing the WCET either statically or dy-
namically [40,134]. However, these techniques assume stalling the execution of the program
to transfer the data between the SPM and the main memory. The performance of these
techniques can be improved using prefetching to hide the transfer times by overlapping
with CPU execution. Prefetching has been successful in cache-based systems, however ap-
plying prefetching to SPM-based systems needs di�erent techniques that can be integrated
with the software management schemes of the SPM.

SPM prefetching has been exploited for arrays in [164] on the loop level using software
pipelining which provides signi�cant improvements to the performance by eliminating or
reducing the stalling time for memory transfers. Our work di�ers from their technique as
they do not provide whole program management scheme and do not account for WCET.

A run-time SPM prefetching mechanism in [54] uses a Direct Memory Access (DMA)
engine coupled with a job queue to schedule multiple data transfers and process them back
to back without stalling the CPU or the DMA. The authors provide high level functions
for the programmer to schedule the DMA operations and manage the SPM space during
run-time in a heap-like style. In our work, we use a similar approach in a framework that
supports automatic compile-time allocation to provide predictability and to optimize the
WCET.

In real-time multitasking systems, SPM prefetching has been applied between tasks in
the Predictable Execution Model (PREM) [5,101,113,151] such that DMA transfers are co-
scheduled with CPU execution between di�erent tasks. However, the proposed approaches
su�er from three main limitations:

1. Statically loading all data and code before the beginning of the program severely
limits the �exibility and precision of the allocation, especially if the data used by the
program is dependent on the inputs and the path taken by the program through its
control-�ow graph.
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2. DMA transfers cannot be overlapped with the execution of the same task, only other
tasks. This makes the proposed approaches less suitable for many-core systems,
where it might be preferable to execute a single task/thread on each core.

3. With the exception of [97], the proposed approaches assume manual code modi�ca-
tion, which we �nd unrealistic in practice.

In this work, we tackle these limitations by providing a prefetching mechanism that can
overlap the DMA transfers with the execution of the same task and a compiler-automated
�ow that can optimize the WCET.

Software prefetching has been known to add signi�cant execution overhead in cache
prefetching techniques [87]. In order to minimize the overhead, we use an SPM controller
managed by the software to minimize the execution overhead.

An important issue with data allocation is the usage of pointers as they can cause
incorrect execution if they are not handled properly. Most allocation techniques either
assume that the program has no pointers or discard the pointer-referenced objects to avoid
pointer related problems. Handling pointer references during run-time has been addressed
in [139] and [157]. In [139], the authors proposed two alternatives, the �rst is based on
run-time disambiguation of the pointer to determine if its reference is in the SPM using
a compiler-inserted code and a height-balanced tree structure to translate DRAM address
to SPM address which incurs high run-time overhead. We adopt a similar approach that is
predictable with minimal run-time overhead using hardware SPM controller. The second
alternative is to �x the location of the object in the regions where it is accessed using
pointers which limits the optimization of the SPM allocation. The authors in [157] keep
a unique logical address of the object that is translated to a physical address using a
scratchpad management unit (SMMU) with a comparator array. The downside of this
approach is the need for a per-access translation using the comparator network that is
placed on the critical path of the processor. Also, there is a limitation on the size of
the comparator array. We exploit the compiler analysis to avoid per-access translation by
translating the address only at the pointer assignment points.

In summary, the contributions of this work are:

ˆ We introduce an allocation mechanism for SPM that manages DMA transfers with
minimum added overhead to the program. For simplicity and as a proof of concept,
we implement our mechanism using a dedicated SPM controller, but we argue that
a similar scheme could be supported by other platforms with the required DMA
functionality.
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ˆ We implement an e�cient run-time translation of pointers that does not require
per-access translation and avoids pointer aliasing and invalidation issues.

ˆ We develop an allocation algorithm for data in scratchpad memory that takes into
account the overlap between DMA transfers and program execution.

ˆ We show how to model the proposed mechanism in the context of static WCET
analysis using a standard data-�ow approach for processor analysis.

ˆ We fully implement all required code analysis, optimization and transformation steps
within the LLVM compiler framework [86], and test it on a collection of benchmarks.
Outside of loop bound annotations, our prototype is able to automatically compile
and optimize the program without any programmer intervention.

4.2 Motivating Example

In this section, we present an example that shows the bene�t of data prefetching in SPM-
based systems. Given a set of dataobjectsused by a program, the general SPM allocation
problem is to determine which subset of objects should be allocated in SPM to minimize
the WCET of the program. Since the latency of accessing an object in the SPM is less
than in main memory, we can compute thebene�t in terms of WCET reduction for each
object allocated in the SPM. We model the program's execution with a Control Flow
Graph (CFG) where nodes represent basic blocks, i.e., straight-line pieces of code. In
particular, Figure 4.1 shows the CFG of a program where objectx is read/written in basic
blocks BB 2 and BB 4 and object y is read in BB 4. Note that BB 2 and BB 4 are loops,
since they include back-edges (i.e., the program execution can jump back to the beginning
of the block); hence,x and y can be accessed many times. Assume that the SPM can
only �t x or y. A static SPM allocation approach will choose to allocate eitherx or y for
the whole program execution. A dynamic SPM allocation approach will try to maximize
the bene�t by possibly evicting one of the two objects to �t the other during the program
execution.

Let the bene�t of accessingx from the SPM instead of the main memory be 100 cycles
for BB 2 and 10 cycles forBB 4. Similarly, the bene�t for accessingy from the SPM in BB 4

is 70 cycles. Let the cost to transferx from the main memory to the SPM or vice-versa be
20 cycles, and the cost fory 40 cycles. Note that individual accesses to the main memory
is more costly than transferring a block from the main memory to the SPM. Hence, the
bene�t of accessingx/ y from the SPM prevails the transfer cost. Then, for static allocation,
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Figure 4.1: Motivating Example

the total bene�t of allocating x is 100 + 10 = 110 cycles and the cost is 2*20 cycles (fetch
x from memory to SPM at the beginning of the program and write it back from SPM to
main memory at the end). Similarly, the bene�t for allocatingy is 70 cycles and the cost
is 20 cycles (fetch only asy is not modi�ed, so there is not need to write it back to main
memory). The optimal allocation would choosex as it has a net bene�t of 70 cycles versus
50 cycles fory.

In previous approaches that adopt dynamic allocation, the program execution has to be
interrupted to transfer objects either using a software loop or a DMA unit. We represent
this case in thewithout prefetchbox in Figure 4.1. In the example,x is fetched beforeBB 2

and written back after BB 2 to empty the SPM for y. Then, y is fetched beforeBB 4. Since
x is allocated in the SPM forBB 2 and y is allocated forBB 4, this results in a total bene�t
of 100 + 70 = 170. The program will stall beforeBB 2 to fetch x, after BB 2 to write-back
x, and beforeBB 4 to fetch y. The total cost is 20 + 20 + 40 = 80 cycles as the execution
has to be stalled for each fetch/write-back transfer. The net bene�t is170� 80 = 90 cycles,
which is 20 cycles better than the static allocation.

However, if memory transfers can be parallelized with the execution time of the pro-
gram, we next show that we can exploit the SPM more e�ciently. We illustrate the
prefetching sequence in thewith prefetchbox in Figure 4.1. Let us assume that the amount
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of execution time that can be overlapped with DMA transfers is30 and 40 cycles forBB 1

and BB 3, respectively. We start prefetchingx beforeBB 1 by con�guring the DMA to copy
x from main memory to SPM. Then, we poll the DMA beforeBB 2 wherex is �rst used to
ensure that the transfer has �nished. Since transferringx requires less cycles than the max-
imum overlap for BB 1 (20 versus 30), the prefetch operation forx �nishes in parallel with
the execution ofBB 1; hence, there is no need to stall the program beforex can be accessed
from the SPM in BB 2. Before BB 3, we �rst write-back x so that we have enough space
in the SPM to then prefetch y. We propose to schedule both transfers back-to-back,e.g.
using a scatter-gather DMA, in parallel with the execution ofBB 3. Since the amount of
overlap for BB 3 is 40, the write-back forx completes after 20 cycles, leaving20 additional
cycles of overlap for the prefetch ofy. Hence, by the timeBB 4 is reached, the CPU stalls
for 40� 20 = 20 cycles to complete prefetchingy before using it inBB 4. For the described
prefetching approach, the bene�t is the same as the dynamic allocation. However, the cost
is lower as the CPU only stalls for20 cycles. The net bene�t is170� 20 = 150 cycles,
compared to90 cycles without prefetching.

4.3 Region-Based Program Representation

The motivating example shows that the cost of copying objects between main memory and
SPM can be reduced by overlapping DMA transfers with program execution. However, to
achieve a positive bene�t, we also need to predict whether any given memory access targets
the SPM rather than main memory. In general, programs contain branches and function
calls, making such determination possibly dependent on the execution path. To produce
tight WCET bounds, a fundamental goal of our approach is tostatically determine which
memory accesses are in the SPM regardless of the �ow through the program. To achieve
this objective, we employ the re�ned region structure that we introduced in Section 2.2.

For this reason and to simplify �gures, in the following sections we omit drawing the
node inside each trivial region when representing the CFG. Since allocations are based on
regions, for simplicity we will omit individual nodes when representing CFGs and instead
draw regions.

4.4 Allocation Mechanism

As discussed in the motivational example, to e�ciently manage the dynamic allocation of
multiple objects we require a DMA unit capable of queuing multiple operations. In gen-
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eral, many commercial DMA controllers with scatter-gather functionality support such a
requirement, albeit the complexity of managing the DMA controller in software and check-
ing whether individual operations have been completed could increase with the number of
transfers. As a proof of concept, in the following section we describe the implementation
based on a dedicated SPM controller, reserving implementation on a COTS platform as
future work 1.

4.4.1 Assumptions

In the rest of this chapter, we assume the following:

ˆ We adopt the re�ned region structure that we introduced in Section 2.2 for the
allocation. We showed in the motivating example that the cost of copying objects
between main memory and SPM can be reduced by overlapping DMA transfers with
program execution. However, to achieve a positive bene�t, we also need to predict
whether any given memory access targets the SPM rather than main memory. In
general, programs contain branches and function calls, making the prediction of the
target of a memory access possibly dependent on the execution path. To produce
tight WCET bounds, a fundamental goal of our approach is tostatically determine
which memory accesses are in the SPM regardless of the �ow through the program.
The region structure �ts our purpose as any region has a single entry and a single
exit. This means that allocating an object in the SPM in a region, implies that any
access to that object during the execution of any path in this region is guaranteed to
access the SPM.

ˆ We focus solely on the allocation of data SPM, as it is generally more challenging.
We assume a separate instruction SPM that is large enough to �t the code.

ˆ The allocation is object-based, meaning that we do not allow allocation of parts of
an object. Transformations like tiling and software pipelining could further improve
the allocation, especially for small sizes of SPM. We keep this possible expansion to
future work.

ˆ We assume that the target program does not use recursion or function pointers and
that local objects have �xed or bounded sizes. We argue that these assumptions

1For example, the Freescale MPC5777M SoC used in previous work [136] includes both SPM memory
and a dedicated I/O processor that could be used to implement the described management functionalities.
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conform with standard convention for real-time applications. Also, we do not analyze
system calls as we do not include OS support in our prototype.

ˆ We assume that all loops in the program are bounded. The bounds can be derived
using compiler analysis, annotations or pro�ling.

ˆ We employ pointer analysis to determine the references of the load/store instructions.
A points-to set is composed for each pointer reference. The size of the points-to set
depends on the precision of the pointer analysis. We utilize the pointer analysis
from [3] that is based on inter-procedural static value-�ow analysis [135]. Allocation-
site abstraction is used for dynamically allocated objects to represent objects, i.e.,
to consider a single abstract object to stand in for each run-time object allocated by
the same instruction [130]. To be able to allocate a dynamically allocated object, an
upper bound on the size of the object should be provided at compile-time.

ˆ For simplicity, we focus on a system comprising a single core running one program.
However, the proposed method could be extended to a multicore system supporting a
predictable arbitration for main memory as long as each core is provided with private
or partitioned on-chip memory.

4.4.2 SPM controller

We de�ne a set of allocation commands that are inserted in the code and executed by the
SPM controller. The SPM controller is a memory mapped unit connected to the processor
to manage the on-chip fast data memory. Cache memory is transparent to the software
and the cache controller implicitly accesses the caches by mapping the memory address
to the cache. In contrast, the SPM has a distinct address range that is used to access its
content.

Figure 4.2 shows the proposed SPM controller connections to an SPM-based system.
There is a separate instruction SPM (I-SPM) that is assumed to �t the code of the pro-
gram. The data SPM is managed by the SPM controller through the DMA. The system
incorporates a DMA unit for memory transfers. The D-SPM is assumed to have dual-ports,
which means that the CPU can access the SPM while the DMA transfers data between
SPM and main memory. The allocation method and WCET analysis can be applied for
single-port SPM, but this will o�er less opportunity to overlap the memory transfers. The
main memory is connected to a shared bus the arbitrates the memory access between the
CPU or the DMA. To e�ciently support the parallization of memory transfers with the
execution time, the DMA is designed to work in transparent mode. That is, the DMA
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Figure 4.2: SPM-based System

transfers an object only when the CPU is not using the main memory. Whenever the CPU
requests the main memory bus, the DMA yields to the request and stalls any ongoing
transfer until the memory bus is released.

The general process of allocation starts with reserving the space in the SPM and copying
the object from the main memory if necessary. Then, the references of the object are
directed to the new address in the SPM. Finally, the object is evicted from the SPM and
written-back to the main memory if necessary. We use allocation commands to achieve this
process:ALLOC XX , GETADDR , DEALLOC , SETPTR , SETMM , SETSIZE .

The purpose of using this controller is to manage the DMA transfers between the main
memory and the SPM, keep track of the allocated objects, and resolve pointers during
run-time. Figure 4.3 shows the components of the SPM controller. The following is a
description of these components:

CMD Decoder As the SPM controller is a memory mapped device, we use load/store
operations to implement the allocation commands as we will discuss later in this
section. The CMD decoder decodes the embedded commands in the data and address
to produce the corresponding command (CMD).

CMD Queue The execution of the allocation commands may require multiple cycles
depending on the implementation of the controller. So, the allocation queue is used
to store the commands until they are executed in FIFO order. Using this queue
hides the latency by releasing the bus after one cycle if the command is not blocking.
However, the allocation queue is an optional component that can be eliminated if
the allocation commands execute in one cycle or if it is acceptable to stall until the
command is executed in case of multiple cycles.
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Figure 4.3: Data SPM Controller
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Object Table The object table stores the status of the allocated objects and the required
information to manage the DMA and resolve pointers. As shown in Figure 4.3, each
entry in the table identi�es an object using its main memory address (MM _ ADDR )
and its size (SIZE ), and its SPM address (SPMA DDR ) if the object is allocated in
the SPM. The allocation status of the object is tracked using a set of �ags (FLAGS ):

V the entry is (V)alid and associated with an object

A (A)llocated in the SPM

PF_ OP (P)re(F)etching (OP)eration has been scheduled

WB_ OP (W)rite-(B)ack (OP)eration has been scheduled

WB (W)rite-(B)ack when de-allocated if used

U (U)sed in the SPM

USERS number of current users (allocations) of the object

These �ags are updated based on the allocation commands (ALLOC XX , DEAL-
LOC and GETADDR ) and the DMA transfers.

Pointer Table The pointer table is used to store pointers during run-time to determine
if the pointee of a pointer is allocated in the SPM. An entry in the pointer table
contains the pointer value (MM _ ADDR ), a �ag to indicate if the pointee exists in
the object table (ALIASED ) and the index of the pointee entry in the object table
(OBJ _ TBL _ IDX ). The pointer table is managed using the commandSETPTR
as we will discuss later.

Allocation Queue The allocation queue allows scheduling multiple DMA transfers and
executing them in FIFO order. An entry in the queue comprises the operation type
(OP_ TY PE) -prefetch or write-back-, the index of the object to be transferred in
the object table (TBL _ IDX ), and the SPM address (SPM_ ADDR ). When the
operation is at the front of the queue, the object entry is checked in the object table
for the main memory address (MM _ ADDR ) and the size (SIZE ) to pass to the
DMA along with the SPM address (SPM_ ADDR ). Note that the object table is
also checked for the allocation �ags to determine if the scheduled operation is not
canceled.

Control Unit the control unit is responsible for communicating with the CPU and the
DMA, executing the allocation commands, updating the tables, and controlling the
queues. Appendix A explains how the control unit works in detail.
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Note that the controller does not perform per-access translation from main memory
addresses to SPM addresses as the SPM is addressed directly in the code. Hence, the
controller does not add overhead to the critical path of the processor unlike the proposed
unit in [157].

4.4.3 Allocation Commands

We propose a set of load/store operations calledallocation commandsto manage the SPM
controller. The allocation commands are used to achieve the following purposes during
run-time:

ˆ Reserve/release a space for an object in the SPM and trigger DMA transfers if re-
quired usingALLOC XX / DEALLOC commands.

ˆ Translate main memory address to SPM address when required usingGETADDR
command.

ˆ Disambiguate pointers usingSETPTR command.

ˆ Update the object table usingSETMM and SETSIZE commands.

We will explain the functionality of these commands in this section and illustrate how
to use them for di�erent allocation cases in Section 4.4.4.

ˆ SETPTR command targets the pointer table in the SPM controller.

SETPTR TBL_IDX, MEM_ADDR

The entry at TBL_IDX in the pointer table is con�gured with a main memory
addressMEM_ADDR which is compared with the main memory address range of
the objects with valid entries in the object table to �nd the entry of the pointee
object. If the pointee is found,ALIASED �ag is set and the table index of the object
is stored inOBJ_TBL_IDX of the pointer table entry. All the allocation commands
on pointers checks the pointer entry for the aliasing object to use in allocation. The
alias checking process can be implemented in one cycle using a one-shot comparator
or over multiple cycles comparing one entry at a time. IfSETPTR command
is executed over multiple cycles, the command queue is used to keep the order of
commands as the command is non-blocking and its execution is overlapped with the
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CPU execution. If the number of entries in the object table is large, an alias set
that speci�es which objects that can alias with the pointer can be used to reduce
the number of comparisons. For the sake of simplicity of analysis, we assume in this
work a one-cycle implementation.

ˆ ALLOC XX command reserves the space in the SPM and schedules a DMA transfer
if necessary. The command has the following syntax:

ALLOC XX TBL_IDX, PTR, MEM_ADDR

It requires a table index for an object/pointer (TBL_IDX ) and an SPM address
(MEM_ADDR ). The PTR �ag distinguishs between an allocation of an object or
a pointer. If the allocation is for a pointer, the index for the pointee in the object
table is OBJ _ TBL _ ADDR �eld in the entry at TBL _ IDX of the pointer table.
ALLOC XX command for a pointer must be preceded withSETPTR command to
set the corresponding pointer entry. This mechanism to translate pointer table index
to object table index is used also forDEALLOC and GETADDR commands.

There are four versions ofALLOC XX command according to the �ags (XX ): AL-
LOC , ALLOC P, ALLOC W , ALLOC PW . The P �ag directs the controller to
prefetch the object from the main memory. The SPM controller will schedule a
prefetch transfer for the object and setPF_ OP �ag in the object entry. The P �ag
is used if the object has an initial value or has been previously written. If theP �ag
is not used, the object is allocated directly andA �ag is set. Otherwise, A �ag is
set once the prefetch transfer completes. TheW �ag informs the controller that this
object should be copied back to the main memory when de-allocated if it has been
used as it might have been modi�ed. TheW �ag sets the WB �ag in the object
entry.

ˆ DEALLOC command de-allocates the object/pointer in table index (TBL_IDX ).

DEALLOC TBL_IDX, PTR

If the WB and U �ags are set in the object entry in the object table, the controller
will schedule a write-back transfer, setWB_ OP �ag and reset A �ag. Otherwise,
the object will be de-allocated by simply resettingA �ag.

If a prefetch transfer has been scheduled and aDEALLOC command is issued for
the object to be prefetched, the transfer is canceled as the object is not needed
anymore. Also, if a write-back transfer has been scheduled for an object and it was
followed by ALLOC XX for the same object, the transfer is canceled if the object is
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allocated to the same SPM address, otherwise the transfer is not canceled. This is
particularly important for allocations within loops, when the object can be allocated
to the same address over multiple iterations.

ˆ GETADDR command returns the current address of the object.

GETADDR TBL_IDX, PTR

If PF_ OP or WB_ OP �ag is set in the the object entry in the object table, the
controller stalls until the DMA completes transferring the object. If no transfer is
scheduled or after the transfer �nishes, the controller returnsSPM_ ADDR if A �ag
is set andMM _ ADDR otherwise.

GETADDR command is inserted only before the �rst use of the object/pointer after
the allocation/de-allocation in the SPM. The address returned by the command is
then applied for all the next uses until another allocation/de-allocation occurs. This
process is compiler-automated and it eliminates the per access address translation
used in previous approaches [157]. For pointers,SETPTR and GETADDR com-
mands are required if the pointer can alias with the content of the SPM even if the
pointer itself is not allocated.

ˆ SETMM and SETSIZE commands are used to con�gure the entry atTBL_IDX
in the object table with the information of an object.

SETMM TBL_IDX, MEM_ADDR

SETSIZE TBL_IDX, SIZE

These commands are used to initialize the object table. Also, it can be used to add
the information dynamically-allocated objects or change the set of objects tracked
by the table during run-time.

We explain in Appendix A the encoding and IR representation of the allocation com-
mands and the abstraction of the SPM controller and its initialization process.

4.4.4 Example

Figures 4.4, 4.5 depict an example for the allocation process. There are two objectsx and
y corresponding to entries3 and 5 in the object table. Also, a pointerp is an argument
to function f and uses entry0 in the pointer table. Figure 4.4 shows the CFG of two
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Figure 4.4: Allocation Example

Figure 4.5: SPM Controller State for Allocation Example in Figure 4.4

functions wherer1-r10 represent regions.x is read/written in r3, and the pointee ofp is
read in r9. Note that function f , comprising regionsr7 to r10, is called from two di�erent
call regions,r4 with p = & x and r5 with p = & y . In the example, we assume thatx is
allocated at addressa1 in the SPM in sequentially composed regionsr2; r3 and r4. The
argument of function f is allocated at a di�erent addressa2 inside the function.

We use program points¶ to ¾ to follow the allocation process. Entries3 and 5 of the
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object table, Entry 0 of the pointer table and the DMA queue are traced in Figure 4.5 for
these program points. At¶ , x is allocated to addressa1 with P and W �ags. In the object
table, PF_ OP is set to indicatex is being prefetched,WB is set to indicate a write-back
when de-allocated, andUSERS is incremented. A prefetch transferPF(x) is scheduled
in the DMA queue. At · , GETADDR checks entry3 for the address; asPF(x) did not
�nish at this point, the CPU is stalled. When the prefetch �nishes,x is allocated,PF_ OP
is reset,A is set; and the CPU continues execution. Also,U is set to markx as used in the
SPM. In r4, function f is called. At ¸ , SETPTR (0; p) sets the address forp in entry 0 of
the pointer table and apply alias checking with the object table. Asp aliases withx at this
point,�ag ALIASED is set andOBJ _ TBL _ IDX refers to entry 3 in the object table.
An allocation of p to a2 is issued; however, its pointeex is already in the SPM at address
a1. So, no new allocation ata2 is performed, andUSERS is incremented in entry3 to
indicate that two ALLOC commands (users) have been executed forx. GETADDR at
¹ returns a1. When p is deallocated atº , USERS is decremented in entry3 of the object
table. However,x is not evicted as there is another user for it. Whenx is deallocated at
» , x is evicted as this is the last user ofx in the SPM. As WB and U are set, a write-back
is scheduled forx. f is called again inr5. The same process to set entry0 in the pointer
table at point ¼ is done with the address ofy and OBJ _ TBL _ IDX refers to entry 5 in
the object table. Then,p is also allocated toa2 with P �ag. So, a prefetch is scheduled for
y. Beforep is used inr9, GETADDR is executed. At this point the write-back transfer of
x is done and the prefetch fory is partially completed. The CPU stalls till y is completely
prefetched, thenU �ag is set in entry 5, addressa2 is returned, and the execution continues
at ½. Finally, p is deallocated at¾ which evictsy. No write-back is needed asWB �ag is
not set.

An essential observation is that the state of the SPM and the sequence of DMA op-
erations in function f depend on which region callsf : if f is called from r4, then x is
already available in SPM at addressa1, and the allocation ofp to a2 is not used. If instead
f is called from r5, p is allocated to a2 and the object y must be prefetched from main
memory. Therefore, let� be the context under which a region executes, i.e., the sequence
of call regions starting from the main function; note that since the main function of the
program is not called by any other function, the only valid context for regions in the main
is � = ; . We denote the execution of a regionrn in a context � as r �

n , which we call a
region-contextpair. Then, allocation decisions, which involve adding allocation commands
in the code, must be based on regions, but the state of the SPM and DMA operations,
which are needed for WCET estimation, depend on region-context pairs. Intuitively, this
is equivalent to considering multiple copies of each regionrn , one for each context in which
rn can execute.
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4.5 Compilation Flow

The proposed SPM allocation algorithm in this chapter optimizes which objects to allo-
cate, where in the SPM, and at which program point using a set of heuristics detailed in
Section 4.6. These heuristics are integrated with our compilation framework introduced
in Chapter 2. We utilize the analysis information about regions, loops, memory accesses,
and the backend of the program along with WCET analysis for the optimization. The
WCET analysis is estimated based on an abstract interpretation approach as detailed in
Section 4.7. The allocation results are used for transforming the Intermediate Represen-
tation (IR) of the program, then the assembly code for the transformed IR is generated.
The �nal executable is created using a linker script that speci�es the memory sections
representing the connected units;i.e., instruction SPM, data SPM, SPM controller, and
main memory. We focus in the rest of this section on the IR transformation pass.

4.5.1 IR Transformation

The transformation of the program IR to apply the SPM allocations includes the following:

ˆ Insertion of ALLOC XX andDEALLOC commands at load/unload program points.

ˆ Insertion of SETPTR commands before allocation of pointers and before checking
for pointer aliasing.

ˆ Insertion of GETADDR commands before �rst uses of objects/pointers after allo-
cations and de-allocations.

ˆ Modifying the uses of the allocated object/pointer in the scope of allocation to use
the address returned byGETADDR commands.

We collect the information required for IR code transformation traversing the program
CFG accounting for SPM allocations.

ALLOC XX (DEALLOC ) command is inserted before the entry (exit) of an region.
For trivial regions, ALLOC XX (DEALLOC ) is inserted before the �rst IR instruction
in the region. Otherwise, a basic block is inserted before the entry (exit) of the region
with ALLOC XX (DEALLOC ) command. For a top-level region of a function where
there is no exit node,DEALLOC command is inserted before the return instruction of
the function.
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SETPTR command is used with pointers to setup the pointer table either for a pointer
allocation or to check for aliases in the SPM. If the pointer will be allocated in the SPM,
SETPTR command is inserted before theALLOC command. If the pointer can alias
with the content of the SPM, SETPTR is inserted before the usage of the pointer to
access the memory.

GETADDR command is inserted before the �rst use of an allocated object/pointer.
That is, we traverse the di�erent paths till a load/store instruction to the object/pointer
is found after allocation/de-allocation points. This also applies for a pointer that has a
possible allocated object in its points-to set.

The load/store instruction is referenced to the IR instruction that calculates the mem-
ory address of the instruction andGETADDR command is inserted before it. The ref-
erence to the object/pointer is then modi�ed to the return address of theGETADDR
command. The same modi�cation is applied for other load/store references after the �rst
use without the insertion of anotherGETADDR command.

For de-allocated objects/pointers, we need to ensure that the write-back transfer -if
scheduled- is done before the next use of the object/pointer in the main memory. So,
GETADDR command is inserted before the �rst load/store instruction without changing
references as the purpose is to check the DMA transfer.

As an example, consider an access to elementm of the global arrayx[10] inside a loop
while m is changing every iteration.

1 %ptr = getelementptr inbounds [10 x32 ] , [10 x32 ]* @x , i32 0, i32 %m
2 %t = load i32 , i32* %ptr

Assume that the objectx is at entry 0 of the object table and it has been allocated. The
transformation of this access will be:

1 %getaddr_ptr = getelementptr [32 x [8 x i32 ]] , [32 x [8 x i32 ]]*  -
@SPM_CONT , i32 0, i32 0, i32 5

2 %addr = load i32 , i32* %getaddr_ptr
3 . . . .
4 %ptr = getelementptr inbounds [10 x32 ] , [10 x32 ]* @addr , i32 0, i32 %m
5 %t = load i32 , i32* %ptr

The �rst two lines are the implementation of GETADDR command to entry 0. This
command is inserted before the loop, then any access tox inside the loop is directed to
useaddr which is the current address ofx in the SPM.

Note that the scope of the transformation is local as the addresses of the objects/point-
ers are not changed. The transformation is only applied to speci�c accesses to memory
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when a possible reference to an allocated object/pointer is detected. SPM controller guar-
antees the correctness of the address during run-time.

After the transformation, the pointer analysis cannot determine that the access toaddr
is actually an access tox as the reference chain will refer it to the SPM controller. However,
we need to di�erentiate between allocation commands and accesses to objects to be able
to conduct the WCET analysis after the transformation. So, we add metadata to the
added/modi�ed instructions to re�ect their usage after the transformation.

4.6 Allocation Algorithm

4.6.1 Problem Description

The dynamic allocation is the problem ofchoosing the content of the data SPM at each
program point to minimize the program WCET. We divide the problem into the following
sub-problems in the context of prefetching support:

ˆ Decide which objects should be moved to the SPM and which objects should be
evicted.

ˆ Determine the program points to prefetch and write-back objects so that the prefetch
distance is large enough to hide the memory transfer time.

ˆ Assign spaces in the SPM for the allocated objects to assure that objects that exist
in the SPM simultaneously do not have overlapped address ranges.

ˆ Provide predictable memory accesses to be able to derive a bound on the WCET
of the program. An object that is accessed at a program point can be classi�ed to:
must be in the SPM, must be in the main memory, may be in the SPM.

The design space for the allocation problem comprises every program point,i.e., every
instruction in the program. This space is very large while most of these program points do
not provide di�erent solutions and can complicate the WCET analysis. For this reason,
we reduce the allocation problem design space by adopting the region structure described
in Section 4.3.

We now discuss how to determine a set of allocations for the entire program with the
objective to minimize the program's WCET. For the remainder of the section, we letSSP M
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denote the size of the SPM.V = f v1; : : : ; vj ; : : :g is the set of allocatable objects, where
S(vj ) denotes the size of objectvj . We let R = f r1; : : : ; rn ; : : :g be the set of program
regions across all functions. Without loss of generality, we assume that region indexes
are topologically ordered, so that each parent region has smaller index than its children,
each call region has smaller index than the regions in the called function, and sequentially
composed regions have sequential indexes; this is also the order used in Figure 4.4. Note
that such topological order must exist since the re�ned region tree for each function is
unique, and furthermore the call graph has no loops due to the absence of recursion. To
de�ne the relation between region-context pairs we introduce a parent function} (r �

n ) for a
region-contextr �

n in function f as follows: ifrn is the root region of the re�ned region tree
for f , then } (r �

n ) = r � 0

m , wherer � 0

m is the region-context that callsf in context � . Otherwise,
} (r �

n ) = r �
m , whererm is the parent region ofrn . As an example based on Figure 4.4, assume

that r4 executes in context� . Then whenr7 is called fromr4, r7 executes in context� [ r4.
We further have } (r � [ r 4

7 ) = r �
4 , while for example} (r � [ r 4

8 ) = r � [ r 4
7 . Finally, to generalize

the problem for the usage of pointers, letP = f p1; : : : ; pk ; : : :g be the set of pointers in the
program. As the pointee of the pointer can change based on the program �ow, we de�ne
� r �

n
(pk) as the points-to set for pointerpk in region-context r �

n . For simplicity, we refer to
the allocation of the pointee of pointer as the allocation of the pointer. We de�neSr �

n
(pk)

as the size ofpk in region-context r �
n which is computed as:

Sr �
n
(pk) = max

v2 � r �
n

(pk )
S(v)

Note that the pointee of pk can be a global, local objects from the set of objects inV
or a dynamically allocated object. In case of dynamic allocation,v refers to a dynamic
allocation site in the program.

We begin by formalizing the conditions under which a set of allocations are feasible as
a satis�ability problem. This is similar to a multiple knapsack problem where regions are
knapsacks (available space in SPM), except that we add additional constraints to model
the relation between regions. Remember that to allocate an objectvj (pointer pk) in a
region rn , we have to assign an address in the SPM to the object (pointer). Hence, an
allocation solution is represented by an assignment to the following decision variables over
all regionsrn 2 R and all objectsvj 2 V (pointers pk 2 P):

allocvj
r n =

(
1; if vj is allocated inrn

0; otherwise

assignvj
r n = address assigned tovj in rn
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allocpk
r n

=

(
1; if pk is allocated inrn

0; otherwise

assignpk
r n

= address assigned topk in rn

An allocation solution is feasible if the allocated objects �t in the SPM at any possible
program point. As discussed in Section 4.4.4, the state of the SPM depends on the context
under which a region is executed. Hence, we introduce new helper variables to de�ne the
availability of an object vj (pointer pk) in a region-context r �

n :

availvj
r �

n
=

(
1; if vj is available in SPM for execution ofr �

n

0; otherwise

addressvj
r �

n
= address ofvj in the SPM during execution ofr �

n

availpk
r �

n
=

(
1; if pk is available in SPM for execution ofr �

n

0; otherwise

addresspk
r �

n
= address ofpk in the SPM during execution ofr �

n

We can determine the value of the helper variables based on the allocation. We �rst discuss
the basic constraints assuming that the points-to information is not available. In this case,
allocation of a pointer is handled as an allocation of an object. After that, we discuss how
the constraints can be modi�ed to consider aliasing between objects and pointers.

Basic Constraints

We present a set of necessary and su�cient constraints for an allocation problem in which
points-to information is not available.

8vj ; r �
n : allocvj

r n
_ availvj

} (r �
n ) , availvj

r �
n
: (4.1)

8pk ; r �
n : allocpk

r n
_ availpk

} (r �
n ) , availpk

r �
n
: (4.2)

Equation 4.1 (4.2) simply states thatvj (pk) is available in the SPM during the execution
of r �

n if either vj (pk) is allocated in rn , or if vj (pk) was already available in the SPM
during the execution of the parent region-context pair.

8vj ; r �
n : availvj

} (r �
n ) ) addressvj

r �
n

= addressvj

} (r �
n ) : (4.3)

61



8pk ; r �
n : availpk

} (r �
n ) ) addresspk

r �
n

= addresspk
} (r �

n ) : (4.4)

8vj ; r �
n : : availvj

} (r �
n ) ^ allocvj

r n
) addressvj

r �
n

= assignvj
r n

: (4.5)

8pk ; r �
n : : availpk

} (r �
n ) ^ allocpk

r n
) addresspk

r �
n

= assignpk
r n

: (4.6)

Equations 4.3, 4.5 (4.4, 4.6) specify the address in the SPM for objects (pointers). If the
object (pointer) was already available in the parent region-context, then the address is the
same. Otherwise, if the object (pointer) is allocated inrn , then the address is the one
assigned by the allocation.

Finally, given the object (pointer) availability and address for each region-context pair,
we can express the feasibility conditions for the allocation problem.

8vj ; r �
n : availvj

r �
n

) addressvj
r �

n
+ S(vj ) � SSP M : (4.7)

8pk ; r �
n : availpk

r �
n

) addresspk
r �

n
+ Sr �

n
(pk) � SSP M : (4.8)

8vj ; vk ; r �
n ; j 6= k : (availvj

r �
n

^ availvk
r �

n
) )

(addressvj
r �

n
+ S(vj ) � addressvk

r �
n
)_

(addressvk
r �

n
+ S(vk) � addressvj

r �
n
)

(4.9)

8pj ; pk ; r �
n ; j 6= k : (availpj

r �
n

^ availpk
r �

n
) )

(addresspj
r �

n
+ Sr �

n
(pj ) � addresspk

r �
n
)_

(addresspk
r �

n
+ Sr �

n
(pk) � addresspj

r �
n
)

(4.10)

8vj ; pk ; r �
n : (availvj

r �
n

^ availpk
r �

n
) )

(addressvj
r �

n
+ S(vj ) � addresspk

r �
n
)_

(addresspk
r �

n
+ Sr �

n
(vk) � addressvj

r �
n
)

(4.11)

Equation 4.7 ( 4.8) states that if vj (pk) is in the SPM during the execution ofr �
n , then

it must �t within the SPM size. Equations 4.9 to 4.11 state that if two objects/pointers
are in the SPM during the execution ofr �

n , then their addresses must not overlap. Note
that the size for a pointer is dependent on the region-context pair. Giving a points-to set
� r �

n
(pk), the size required for allocatingpk in r �

n is the maximum size of all objects in the
points-to set.

8pk ; r �
n : def pk

r �
n

) : allocpk
r n

(4.12)
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Figure 4.6: Example of Pointer De�nition

The constraint in Equation 4.12 states that the allocation of pointerpk is not allowed
in rn (allocpk

r n
= 0) if def pk

r �
n

= 1 wheredef pk
r �

n
is de�ned as following:

def pk
r �

n
=

(
1; if pk is de�ned in r �

n , i.e., pk can change its reference inr �
n

0; otherwise

This constraint is required for correctness of execution and analysis. This case is depicted
in Figure 4.6 where pointerp is de�ned in region r3 to point to y rather than x. Hence,
p can be allocated inr2 and r4 while allocp

r 3
= 0; allocp

r 1
= 0. The allocation of p in r3 or

r1 will result in pointer invalidation as any reference top after its de�nition in r3 should
point to y not x.

As long as Equations 4.7 to 4.11 are satis�ed for a given solution in all region-
context pairs, all objects �t in the SPM; hence, the allocation problem can be feasi-
bly implemented. To do so, we next discuss how to determine the list of commands
(ALLOC / DEALLOC / GETADDR ) that must be added to each region. For a region
rn that is not sequentially composed, anALLOC is inserted at the beginning of the region
and a DEALLOC at the end of the region.

In the case of sequential regions, to reduce the number of DMA operations, we note the
following: if the same objectvj is allocated in two sequentially composed regionsrp and
rq with the same assigned address, then there is no need toDEALLOC vj at the end of
rp and ALLOC it again at the beginning ofrq. Hence, we consider the maximal sequence
of sequentially composed regionsrp; : : : ; rq such that for every regionrn in the sequence:
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Figure 4.7: Allocation Overlap Example

allocvj
r n = 1 and the addressassignvj

r n assigned tovj is the same. We then add theALLOC
command at the beginning ofrp and the DEALLOC command at the end ofrq. The
P and W �ags of the ALLOC command are set as discussed in Section 4.4.3 based on
the usage throughout the whole sequence. The same procedure applies for a pointerpk

allocated in a sequence of sequentially composed regions.

Also, we note the following for objectvj and pointer pk such that vj 2 � r �
n
: if object vj

and pointer pk are allocated in an overlapped sequence of sequentially composed regions,
DMA operations on the pointer are inserted to re-locate the pointee to avoid pointer
invalidation. The example shown in Figure 4.7 shows the case where objectx is allocated
to addressa1 in r2; r3 and r4, pointer p is allocated to addressa2 in r3; r4 and r5, and
object y is allocated to a1 in r5 and r6. If p can point to x, it will be already in address
a1 in the SPM whenp is allocated inr3 and x will not be copied to addressa2. However,
the copy ofx at a1 should be written-back afterr4 to allocate y to a1. Using p in r5 with
the assumption that x is in the SPM will result in a con�ict. So, a re-location must be
guaranteed afterr4, so that the copy ofx is moved toa2 beforey is fetched toa1. Note
that the relocation commands will cancel each other ifp is not pointing to x.

Example: refer to the example in Figure 4.4, wherep is allocated in two regions in
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sequence (r8 and r9). ALLOC is inserted beforer8 and DEALLOC is inserted afterr9.
P �ag is set in ALLOC even thoughx is not used inr8, but it is read in r9. Similarly, W
is not set asx is not modi�ed in neither r8 nor r9.

Finally, to compute the WCET for the program, we need to determine whether an
ALLOC / DEALLOC command triggers a DMA operation; this again depends on the
context � in which a given regionrn is executed, as demonstrated by the example in
Section 4.4.4. As in Equation 4.3, we know that theALLOC will be canceled ifvj was
already available in the parent region-context; hence, for a regionrn that performs an
ALLOC on vj and a context � , the ALLOC generates a DMA prefetch onvj only if
both the P �ag in the ALLOC is set andavailvj

} (r �
n ) = 0 (similarly for DEALLOC, a DMA

operation is generated if theW �ag is set and availvj

} (r �
n ) = 0).

Aliasing Constraints

The feasibility problem can be relaxed using the points-to information of each pointer.
Points-to information are derived from a must-may alias analysis. We consider the must-
alias points-to sets with objectvj and pointer pk such that � r �

n
(pk) = f vj g; which is a

common case with passing by reference in functions. In this case, the allocation of either
vj or pk in region-context r �

n means that both vj and pk are available in the SPM in this
region-context. The constraints can be extended if there are multiple pointers that only
point to vj in a region-context.

allocvj
r n

_ allocpk
r n

_ availvj

} (r �
n ) _ availvj

} (r �
n ) , availvj

r �
n
: (4.13)

allocvj
r n

_ allocpk
r n

_ availvj

} (r �
n ) _ availpk

} (r �
n ) , availpk

r �
n
: (4.14)

Equations 4.13, 4.14 replace Equation 4.1 , 4.2 and state thatvj and pk are available
in the SPM during the execution ofr �

n if vj or pk is allocated in rn , or if vj or pk was
already available in the SPM during the execution of the parent region-context pair. Note
that in Equation 4.14, vj can be available in the parent region-context} (r �

n ) while pk is
not available in it if pk changes its reference in the children of} (r �

n ), i.e., � r �
n
(pk) 6= f vj g.

In that case, Equation 4.14 is not applicable to} (r �
n ) and allocpk

} (r �
n ) = 0 according to

Equation 4.12.

availvj

} (r �
n ) ) addresspk

r �
n

= addressvj

} (r �
n ) : (4.15)
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: availvj

} (r �
n ) ^ allocvj

r n
^ : allocpk

r n
)

addressvj
r �

n
= addresspk

r �
n

= assignvj
r n

:
(4.16)

: availvj

} (r �
n ) ^ allocpk

r n
^ : allocvj

r n
)

addresspk
r �

n
= addressvj

r �
n

= assignpk
r n

:
(4.17)

: availvj

} (r �
n ) ^ allocvj

r n
^ allocpk

r n
)

(addressvj
r �

n
; addressvj

r �
n
) = 
 (assignvj

r n
; assignpk

r n
):

(4.18)

Equation 4.3 still applies forvj as the availability in the parent dominates any allocation
in the region. However, the addresspk inherits the address of thevj if it is available in its
parent as in Equation 4.15. Ifvj is not available in the parent, there are two cases:

Equations 4.16,4.17 state that if onlyvj or pk is allocated, the address ofvj and pk is the
assigned address of the allocated one.

Equation 4.18 state that if both vj and pk are allocated, the assigned address for each
of them to be determined with an arbitrary function 
 that depends on how the
allocation is implemented. In this work, we use
 (assignvj

r n ; assignpk
r n

) = assignvj
r n as

we consider relocation of the pointer as we illustrated before in the example shown
in Figure 4.7.

Example: refer to the example in Figure 4.4, wherep is allocated with assigned address
a2 in r8. For context � [ r5, we haveavailp

r � [ r 5
7

= availy
r � [ r 5

7
= 0, since � r �

7 [ r 5 (p) = f yg

and y is not available in r �
5 , the parent of r � [ r 5

7 . Hence, we also haveaddressp
r � [ r 5

8
=

addressy
r � [ r 5

8
= a2. However, for context� [ r4 we obtain availp

r � [ r 4
7

= availx
r � [ r 4

7
= 1, since

� r �
7 [ r 4 (p) = f xg and x is available in r �

4 . So, we getaddressp
r � [ r 4

7
= addressx

r � [ r 4
7

= a1.

The constraints for SPM size are the same as in Equations 4.7, 4.8. Equations 4.10, 4.11
for address overlap are not applied for must alias cases. That is, if� r �

n
(pk1) = � r �

n
(pk2) =

f vj g, then their address ranges matchaddresspk 1
r �

n
= addresspk 2

r �
n

= addressvj
r �

n
. So, Equa-

tions 4.11, 4.10 are not applied betweenpk1; pk2; vj for region-context r �
n .

We illustrated the possible aliasing constraints for one pointer and one object. Another
set of constraints can be derived for aliasing pointers or pointers with multiple pointees in
their points-to set. We do not detail these constraints as they exploit a may-alias which
means the constraints do not represent necessity.
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4.6.2 WCET Optimization

For a given allocation solutionf allocvj
r n ; assignvj

r n ; allocpk
r n

; assignpk
r n

j8vj ; pk ; rng, the described
procedure determines the set of objects available in the SPM and the set of DMA opera-
tions for each region-contextr �

n . Assuming that bounds on the time required for SPM and
main memory accesses are known, this allows us to determine the bene�t (WCET reduc-
tion) for every trivial region in context � , as well as the length of DMA operations. For a
dynamic allocation approach without prefetch, the length of DMA operations could simply
be summed to the execution time of the corresponding region, since DMA operations stall
the core.

However, for our proposed approach with prefetching, the cost of DMA operations
depend on the overlap: since DMA works in transparent mode, for a trivial region the
maximum amount of overlap is equal to the execution time of its code minus the time that
the CPU accesses main memory directly. Furthermore, since the length of DMA operations
is generally longer than the execution of a trivial region, the total overlap depends on the
program �ow. Therefore, we compute the amount of overlap as part of an integrated
WCET analysis, which we present in Section 4.7. We solve the allocation problem by
adopting a heuristic approach that �rst searches for feasible allocation solutions, and then
runs the WCET analysis on feasible solutions to determine their �tness; we discuss it next
in Section 4.6.3.

Finally, we note that the proposed region-based allocation scheme is a generalization of
the approaches used in related work on dynamic allocation. In [134], the authors applied
a structured analysis to choose a set of variables for static allocation. They analyzed
innermost loop as Directed Acyclic Graph (DAG) for worst case path and then collapsed the
loop into a basic block to analyze the outer loop. The region tree representation captures
this structure as loops, conditional statements and functions as regions. The dynamic
allocation in [139] is based on program points around loops, if statements and functions
which can be matched with an entry/exit of a region. In [40], Devergeet al. proposed a
general graph representation that allows di�erent granularities of allocation. The authors
formulated the dynamic allocation problem based on the �ow constraints which can also be
applied to the region representation. All such approaches use heuristics to determine the
overall program allocation. Hence, to allow a fair evaluation focused on the bene�ts of data
prefetching, in Section 4.9 we compare our proposed scheme against a standard dynamic
allocation approach with no overlap using the same region-based program representation
and search heuristic.

The problem formulation is presented as a variation of the general knapsack problem
which is an NP-hard optimization problem [27]. This means that the allocation problem is
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complex even if we assumed that the WCET is a linear function of the allocations. We opt
to using heuristics in a divide-and-conquer approach to produce a reasonable solution. We
developed a set of algorithms for the allocation, the address assignment and the WCET
analysis in the next sections.

4.6.3 Allocation Heuristic

The allocation heuristic divides the allocation to three sub-problems: pro�t estimation,
knapsack allocation, and address assignment. The pro�t estimation provides the expected
pro�t of a single allocation. The knapsack allocation adopts a genetic algorithm that
uses the estimated pro�t and a feedback mechanism using the WCET analysis to �nd
a near-optimal solution. The address assignment is used as a part of the genetic algo-
rithm evaluation to check the feasibility of �tting the allocations in the SPM with distinct
addresses.

Genetic Algorithm

The allocation heuristic adopts a genetic algorithm to search for near-optimal solutions to
the allocation problem.

ˆ Chromosome Model: The chromosome is a binary string where each bit represents
one of the allocvj

r n decision variables. Note that we do not represent theassignvj
r n

decision variables in the chromosome; instead, we use a fast address assignment
algorithm as part of the �tness function to �nd a feasible address assignment for a
chromosome.

ˆ Fitness Function: The �tness f it of a chromosome represents the improvement in
the WCET of the program with this allocation if it is feasible. The �tness function
�rst applies the address assignment algorithm to the chromosome. If the allocation is
not feasible, the chromosome hasf it = 0. Otherwise, we execute the WCET analysis
after the program is transformed to insert the allocation commands; the �tness of
the allocation is then assigned asf it = WCETMM � WCETalloc whereWCETMM

is the WCET with all the objects in main memory andWCETalloc is the WCET for
the analyzed solution.

ˆ Initialization: The initial population P(0) is generated randomly with feasible so-
lutions, i.e., f it > 0.
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Figure 4.8: Example of allocation order

ˆ Evolution Operations: The evolution process incorporates random random selec-
tion, one-point crossover and random bit mutation to generateP0(t + 1) . The elite
chromosomes with highest �tness fromP(t) and P0(t + 1) are chosen to form the
next population P(t + 1) .

ˆ Termination: The algorithm is terminated after k generations or if the best chro-
mosome does not change forn generations.

Allocation Order

The order of allocation commands can signi�cantly impact the pro�t of a solution. The
solution generated by the genetic algorithm consists of a set of allocations,i.e., objects
allocated in allocation regions. The order in which the allocation commands corresponding
to these allocations are executed is known if they are inserted in di�erent program points,
e.g. two objects allocated in two allocation regions di�erent functions. This does not apply
if the allocation regions share program points. The example in Figure 4.8 illustrates this
case.

In the example, three objectsX; Y and Z are allocated in allocation regionsR1; R2

and R3 respectively. Program point¶ is the entry for both R1 and R2. So, at this point
both X and Y are allocated and prefetched. The order between them can beX ! Y or
Y ! X . In R2, Y is used beforeX . If we chose the orderX ! Y, then at the �rst use
of Y, the program will stall until both X and Y are prefetched which might eliminate the
pro�t of allocation. However if we choseY ! X , the program will stall for Y only at the
�rst use of Y and stall for X only at the �rst use of X .
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A similar case occurs at point· asY is deallocated andZ is allocated whileZ is used
�rst in R3. However, the order might be forced in this case if the address range assigned
to Y overlaps with the address range assigned toZ in the SPM. In this situation, Y has
to be written-back beforeZ is prefetched to avoid overwritingY. If they do not overlap,
it might be more pro�table to prefetch Z �rst, then write-back Y.

We account for the allocation order of allocations that happen at the same program
points in the feedback WCET analysis and the IR transformation. That is, when we record
the usage order of objects in the allocation regions during the pro�t estimation phase, then
we order the allocation commands such that the object that is used �rst is scheduled �rst
whenever possible.

Address Assignment Algorithm

The goal of the algorithm is to assign an address for each of the object allocations in
the SPM. The assignment must conform to the set of constraints on the addresses in
Section 4.6.1.

The address constraints can be linearized using auxiliary decision variables. Then, an
ILP solver can be used to obtain an assignment that satis�es the constraints. This problem
is a generalization of the register allocation problem which has a correspondence to the
graph coloring problem [29,146]. The general graph coloring is known to be NP-hard [55].

The address assignment algorithm is depicted in Algorithm 1. Given a chromosome,
the region tree is traversed in topological order assigning addresses to the allocated objects
and pointers in each region. The topological order visits all the nodes with the same parent
before visiting the children. For the root of a function, all the parents (call regions) of the
function are visited before the root of the function. Also, for a sequence of sequentially
composed regions, the order of the sequence is maintained. After the objects in a region are
assigned to SPM addresses, an end address to the last allocated address is maintained. For
each regionrn , the previous end address is the maximum of all parent regions (note that
if rn is not the root of its function, it has a single parent region). For a region that is not
sequentially composed or the �rst region in a sequence of regions, addresses are iteratively
assigned to the allocated objects starting from the previous end address. For a region in
a sequence, an allocated object maintains the same address as the previous region if the
object is allocated in both. Otherwise, a best �t algorithm is used to assign the remaining
addresses. The end address for each region is then computed as the maximum end address
for any allocated object. Note that the algorithm trivially ensures that objects/pointers
allocated in a region cannot overlap with any object or pointer that is available in a parent;
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Algorithm 1 Address Assignment

Input: region information, f allocvj
r n ; allocpk

r n
j8vj ; pk ; rng

1: for all region rn by increasing index starting withr1 do
2: end_ addrr n  ASSIGN_ADDRESSES (rn )

3: function ASSIGN_ADDRESSES (rn )
4: end_ addrr n = max � f end_ addr} (r �

n )g
5: if rn� 1 is not sequentially composed withrn then
6: for all vj such that allocvj

r n do
7: assignvj

r n  end_ addrr n

8: end_ addrr n  end_ addrr n + S(vj )

9: for all pk such that allocpk
r n

do
10: assignpk

r n
 end_ addrr n

11: end_ addrr n  end_ addrr n + max � (S� (pk))

12: else
13: for all vj such that allocvj

r n ^ allocvj
r n � 1 do

14: assignvj
r n  assignvj

r n � 1

15: for all pk such that allocpk
r n

^ allocpk
r n � 1

do
16: assignpk

r n
 assignpk

r n � 1

17: for all vj such that allocvj
r n ^ : allocvj

r n � 1 do
18: Compute assignvj

r n using best �t based on already assigned addresses
19: for all pk such that allocpk

r n
^ : allocpk

r n � 1
do

20: Compute assignpk
r n

using best �t based on already assigned addresses

21: maxv
r n

 maxvj s:t : alloc
v j
r n

f assignvj
r n + S(vj )g

22: maxp
r n

 maxpk s:t : alloc
pk
r n

f assignpk
r n

+ max � (S� (pk))g
23: end_ addrr n  maxf maxv

r n
; maxp

r n
g
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hence, Equations 4.9, 4.11 are always satis�ed. However, the algorithm is not optimal,
since it does not consider that an allocation might not be required in any context where
the object is already available in the SPM or the aliasing between objects and pointers.
Finally, the allocation is considered feasible only if the end address never exceeds the SPM
size; this guarantees that Equations 4.7, 4.8 are also satis�ed.

4.7 WCET Analysis

We discuss how to model the behavior of our prefetch mechanism in the context of static
timing analysis so that a safe bound to the WCET of the program running uninterrupted
can be computed. We assume a given allocation solution computed based on Section 4.6.
We rely on the standard approach of Data Flow Analysis (DFA) [161], where the detailed
state of the hardware is generalized into anabstract statebased on the theory of abstract
interpretation [37, 137]. To avoid maintaining a di�erent state for each path through the
program, the analysis relies on computing �xed points by �merging� states when paths join
(i.e., branch join and loops entry/exit). In detail, given two abstract statesd and d0, we
need to compute ajoin operator _ such that the resulting stated00= d_ d0 is more general
than either d or d0. We model time as natural numbers, i.e., processor clock cycles.

We begin by providing an intuitive discussion of the challenges of handling our prefetch-
ing mechanism, followed by our intended solutions. In what follows, we use function(x)+

as a shorthand ormax(0; x) and P(A) to denote the powerset of setA. As discussed in
Section 4.3, let �Gf = ( �N; �E) denote the re�ned CFG for function f . To keep track of the
program execution, it is useful to formally de�ne the concept of program state:

De�nition 1 (State). The program execution is de�ned as the transformation of aprogram
state. We let � be the set of all possible program states; we uses 2 � to denote an individual
state andS � � to denote a set of states. The state at any given point in the execution of
the program represents the amount ofelapsed times:t since the beginning of the program,
and the content of all hardware registers and memories.

De�nition 2 (Transfer Function). For every edgee : BB i ! BB j in �Gf and context �
for f , we de�ne a transfer function Te;� : � ! � such that: if s is the program state
at the beginning of the execution ofBB i and the program execution �ows fromBB i to
BB j , then s0 = Te;� (s) is the program state at the beginning of the execution ofBB j .
Function T 0

e;� : P(�) ! P (�) denotes the obvious set-extension of functionTe;� , i.e.
T 0

e;� (S) = [ s2 STe;� (s).
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Figure 4.9: WCET Example: Merging states from di�erent paths

Note that based on De�nition 2 2, if the execution cannot �ow from nodeBB i to BB j

for any state inS, then T 0
e;� (S) = ; . Given a set of initial program statesSentry with t = 0 3,

a WCET analysis could then simply proceed as follows: enumerate all paths through every
function in the program; for each path through the program, iteratively apply functionT 0

e;�
starting from state setSentry for all edges comprising the path, obtaining a set of �nal states
Sexit . The WCET can then be obtained as the maximum time elapsed for any state in
any �nal state set Sexit . Since based on our assumptions the number of paths through the
whole program is �nite, this approach is computable, but it is generally computationally
intractable for all but the simplest programs, as the number of paths is exponential in the
number of branches/loops in the program.

To obtain a tractable analysis, WCET techniques typically attempt to prune paths
that cannot lead to the WCET by making local decisions: ideally, we could examine each
branch point in the CFG one at a time, determine which branch leads to the WCET, and

2Also note that Te;� de�nes a deterministic machine: assuming we know the states at the beginning
of the basic block, we can compute the exact states0 along e. If the machine is non-deterministic, the
de�nition can be modi�ed to return a set of states rather than a single state while maintaining the same
theoretical framework, see [137].

3Note that in general, a set of program states must be considered, rather than a single state, because
the initial state of the hardware, including the program inputs, is not known.
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