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Abstract

To fully exploit emerging multicore architectures, managing shared resources (i.e., caches) across
applications and over time becomes critical. All prior efforts view this problem from the OS/system
side, and do not consider whether applications can participate in this process. In this paper, we
show how the application can react to OS/system resource management decisions by adapting
itself, with the objective of maximizing the utilization of shared resources allocated to it. Specifically, our reactive-tiling strategy enables applications to react to OS/system resource allocation
decisions. Experimental results show that our scheme is very effective in practice.
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Chapter

1

Introduction
Due to increasingly problematic effects of clock frequency on power consumption and heat generation, there is a shift in chip manufacturing from complex single core machines to simple multicore
architectures. While this move helps with power and temperature related issues and holds the
complexity of a single core somewhat static over time, it also brings its own set of problems. First,
using these architectures requires parallelizing single-threaded applications. Second, increasing
core counts and limited off-chip bandwidth can result in pressure on communication bandwidth
and memory accesses, respectively. Third, it is not clear how system software should be structured/redesigned for these architectures. Despite these challenges, the chip manufacturers such
as IBM, Sun, Intel and AMD already have multicore products in the market [9, 10, 11, 12], and
one can expect these emerging architectures to be the building blocks of any future computer
system from smart phones to laptops to desktops to supercomputers. It has been projected that
future multicores will have several interesting characteristics, as pointed out in [9, 10, 11, 12].
One of the important characteristics of emerging multicore machines is large number and
variety of shared resources [9, 10, 11, 12]. A typical multicore system employs several shared
resources such as on-chip caches, on-chip network, processor cores and off-chip bandwidth. How
these resources are managed across applications and over time influences system performance significantly. For instance, recent research clearly demonstrates that on-chip shared cache (L2 or L3)
management is critical for application/workload performance [35], [15] , [3]. These approaches
typically modulate cache space allocated to an application based on a predefined objective function (e.g., weighted speedup [1] and/or fairness [15]).
All prior efforts look at this cache partitioning problem from the OS/system side, and they
do not explore the possibility of whether applications can also play a role in this process. This is
unfortunate because the OS typically partitions a shared cache space at runtime based on some
global (workload wide) metric (e.g., weighted speedup) among the applications in a workload,
and as a result of this partitioning, performance of a given application in this workload can suffer
dramatically.
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Figure 1.1. Variation of tile size with cache allocation. X-axis shows the tile size that generates the
best results while Y -axis shows the corresponding OS-based cache allocation to an application. Here we
assume other tiling parameters such as tile shape as fixed.

Motivated by this, we investigate a novel concept in this work called reactive application.
Specifically, a reactive application is the one that can react to OS/system based resource management / partitioning decisions by adapting itself. As a specific instance of reactive application,
we consider a dynamic version of iteration space tiling (also called loop blocking), a well-known
compiler optimization, to adapt to variations in available cache space. Iteration space tiling
[24, 33, 36, 37, 40, 18] partitions iteration space of a loop nest into smaller chunks (blocks), so
as to help ensure that data reuses can be satisfied from cache memory. An important parameter
in tiling is the tile size (also known as the blocking factor), which determines the chunks of data
blocks accessed at any given time. It has been shown that by prior research [16, 20, 17, 18, 23, 19]
that tile size is a critical parameter that determines overall performance of a loop nest. As shown
in Figure 1.1, ideally, tile size selection should be based on the available cache capacity to the
application. Our point is that, when the OS changes the cache allocation to an application at
runtime, a tiled application can react to this move by changing it tile size. We want to emphasize
however changing tile size at runtime is not trivial as we need to (i) decide what tile size to use
next and (ii) determine a suitable program point at which the switch should occur.
One can expect two potential benefits from this approach. First, matching tile size to available
cache capacity dynamically (during execution) improves performance of the target application.
And second, better utilization of cache space reduces pressure on other applications (co-runners)
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that execute concurrently with the target application. The reactive application, by adapting
to a lower cache allocation, mitigates the pressure on co-running applications by making more
cache space available to them, without incurring significant loss in quality-of-service (QoS) or
global fairness metrics. We implemented our approach in a compiler framework and performed
experiments with different execution scenarios. The specific contributions of this work can be
summarized as follows:
• To our knowledge, this is the first work that considers application reaction to system/OS
induced cache allocations.
• We present a framework that can generate code for adaptive (reactive) tiling. In this
approach, the generated code accommodates a set of safe points at which one can switch from
one tile size to another (to react to dynamic OS allocations).
• We explain an execution model in which a reactive application (i.e., an application with
adaptive tiling) can react to the modulations in its cache space allocations to prevent its performance from degrading significantly.
• We present experimental evidence showing that our proposed approach works well in practice. Specifically, with synthetic cache allocations reactive tiling improves performance of applications by 19.2% (on average), and with dynamic cache allocations using utility based cache
partitioning improves performance of applications by 10.5% (on average) when compared to the
scenario where applications do not react to OS-based modulations in cache allocation.
The remainder of this thesis is structured as follows. The next chapter explains the basics of
the polyhedral model and tiling. Chapter 3 presents the details of our proposed reactive tiling
strategy. Chapter 4 gives an experimental evaluation, Chapter 5 discusses related work and the
thesis is concluded in Chapter 6.

Chapter

2

The Polyhedral Model
/* Outer loop indices enumerate the origin of a tile*/
U B1
1
for ii= ⌊ LB
Tx ⌋ to ⌊ Ty ⌋ do
for jj=C0*i+K0 to min(-C1*i+K1, C2*i+K2, UB2) do

/* Original loop nest before tiling*/
for i=LB1 to UB1 do
for j=C0*i+K0 to min(-C1*i+K1, C2*i+K2, UB2) do
S(i, j);

(a) Code before tiling transformation

j = -C1*i + K1

/* Inner loop indices i and j scan each statement */
for i=max(LB1, ii*Tx ) to min(UB1, ii*Tx + Tx − 1) do
for j=max(C0*i+K0, jj*Ty ) to min(jj*Ty + Ty − 1, min(-C1*i+K1,
UB2, C2*i+K2)) do
S(i, j);
end for
(b) Code after tiling transformation

j = C2*i + K2

Full Tiles
Partial Tiles
UB2

j = C0*i + K0

Ty

Iteration Point S(ik, jk)
Tile Origin
Tx

LB1

UB1

(c) Illustration of the polyhedral model

In this chapter, we first introduce the polyhedral model, the basis of the existing tiling
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techniques. In its most general form, tiling decomposes an n-dimensional loop nest into a 2ndimensional loop nest where the outer n loops iterate over the tiles and the inner loops iterate
over the points within a tile. Our focus is on the loop nests whose bounds and array references
are affine functions of loop indices and other global parameters (e.g., input size).
In the polyhedral model, an n level loop nest represents an n-dimensional iteration space
I, and each iteration can be expressed by an iteration vector ~i = (i1 , i2 , · · · , in )T , where ik is
the index of the k-th loop (starting from the outermost one). Each ik satisfies the boundary
constraints Lk ≤ ik ≤ Uk , where Lk and Uk are the corresponding lower and upper loop bounds,
respectively. For a statement s within such a loop nest, the set of iterations for which s has to
be executed can always be specified by a set of affine linear inequalities that are derived from
loop indices. These inequalities define an iteration space polytope in which a dynamic instance
(iteration) of each statement is represented as an integer point (expressed as its iteration vector).
With such a representation for each statement, it is easy to capture the dependence (interand intra- statement) within the iteration space polytope and reason about the correctness of
loop transformations. An instance of statement s (denoted as ~is ) depends on an instance of
statement t (denoted as ~it ), if they access the same memory location and i~s is executed before
i~s within the valid iteration space polytope. This can be expressed as:
~ , 1)T = H.(~it , N
~ , 1)T ,
(~is , N

(2.1)

~ is the vector includes all the global parameters and “1” indicates the offset. H is called
where N
the transformation matrix which preserves the dependence between s and t. The left hand side
and right hand side in Equation 2.1 refer to the logical memory locations accessed by statements
s and t, respectively. To ensure the correctness of loop transformation, this dependence must
be preserved in the transformed loop, which indicates the execution order between s and t. On
the other hand, generating the transformed loop in the polyhedral model can be considered as
specifying an (execution) order to visit each integral point in the iteration space polytope (known
as scanning the polyhedra [38]), once and exactly once. Therefore, how to determine such an
execution order is extremely important for the correctness of loop transformation. More on this
will be discussed in Chapter 3.2.
Tiling is a special type of loop transformation (restructuring). Existing tiling schemes [29,
30, 31, 32, 27, 24] optimize for data locality and parallelization by reordering the execution of
the statements in the loop body. The constraints described in the previous paragraph guarantee
the correctness of such program execution reordering. When tiling is performed, in the tiled
iteration space, statement instances are represented by higher dimensional statement polytopes
involving supernode or origin iterators and intra-tile iterators, which specify the execution order
of inter- and intra-tiles, respectively. Figure 2(b) illustrates the tiled version of the code shown in
Figure 2(a). In this example, (ii, jj)T enumerates a supernode tile. The process of enumerating
supernodes is referred to as inter-tile scanning and that of enumerating the points inside the
tile is referred to as intra-tile scanning. It is important to note that our proposed reactive tiling
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framework is sensitive to the inter-tile scanning.
Figure 2(c) illustrates this transformation visually. When tiling is applied, the original twodimensional loop nest in this example is transformed to a four-dimensional loop nest. The axes
represent the loop iterators i and j, the shaded region represents the iteration points inside the
polyhedra, and the boundaries of the shaded region represent the loop bounds (affine). Observe
that the polyhedra is segmented into blocks, which represent the tiles in the tiled iteration space.
Further, the iteration space consists of partial tiles and full tiles. We can distinguish a full tile
from a partial tile based on the inclusion of iteration points in the tile. In a full tile, all the
iteration points are scanned during the execution of the loop nest, whereas, in a partial tile, only
a subset of the iteration points are scanned during the execution of the loop nest. This disparity
arises from the fact that the boundaries of the loop nest may not coincide exactly with the tile
boundaries; intra-tile scanning ensures that only the iteration points in the partial tile which are
interior to the polyhedra are scanned during the execution of the program. Our proposed tiling
scheme does not only handle the case where only full tiles exist in the transformed loop nest, but
also, the case where full tiles and partial tiles co-exist (more explanation in Chapter 3.3).

Chapter

3

Framework for Reactive Tiling
3.1

High-Level Operation
OS changes cache
allocation
Old tile size X

Execution
starts

OS changes cache
allocation
New tile size X’

Application
reacts

Execution
Application time
reacts

Figure 3.1. Illustration of dynamic application adaptation to OS cache allocations at runtime. Note
that there is a time gap between the new OS allocation and application’s reaction to it. The application
switches to the new tile only at “safe points”.

Figure 3.1 outlines the high level operation of our reactive tiling strategy. The horizontal line
represents application execution timeline. At the beginning of the application execution (shown
on the left end of the timeline), the tile size is set to X 1 . After executing a few loop iterations,
the loop nest reaches a safe point, at this point the program switches to the tile size X 0 (if
necessary), which is predicted to generate the best performance. After a while, the OS changes
the cache allocation again, the application continues execution with the previous tile size till it
reaches another safe point. The application reacts again be performing another adaptation by
switching into a potentially new tile size. This process is repeated until the program terminates.
The technical properties of our safe point identification strategy are discussed in Chapter 3.3.
An important question at this point is how the tile size for a given cache allocation is determined. While different methods are possible to do this, in our base implementation, we use
a profile based offline method. In this method, an application is profiled (under different cache
1 Initial

tile size selection can be made based on assuming a specific cache allocation
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sizes), and for each cache size tested, we determine the tile size that generates the best result.
This can be achieved by executing a few tiles using controlled cache allocation and selecting the
best tile size from the available options. In this way, we obtain a two-dimensional curve where
the x-axis represents OS-specified cache allocations and the y-axis shows the corresponding tile
sizes (Figure 2 capture for the contents of such a curve). Note however that it is possible during
execution to observe a cache allocation for which we do not have profile data. To address this
issue, we employ curve-fitting. More specifically, we determine the best tile sizes for the cache
allocations for which we do not have experimental data using curve-fitting (which in a sense
corresponds to a refinement of the initial curve we have). Further, at runtime, when we run the
application with a tile size for which we do not have a point in our curve, we update the curve
(with the performance data corresponding to that tile size), i.e., we invoke curve-fitting to have
a more accurate tile size-performance model.

Code
Version 1
Input
Tiling
Program Transformation

Code
Version 2

Safe
Point
Analysis

Code
Unification

Output
Code

Code
Version 3
Reactive Tiling
Figure 3.2. A high level overview of the code transformation phases.

Figure 4 illustrates the main components of the compiler part of our proposed approach. Our
source-to-source transformation tool takes a user-provided sequential code as input. We employ
Pluto [27], a loop transformation tool, to perform the necessary code restructuring (though other
tools can also be used for this purpose). The tiling transformation reorders statement execution in
the transformed iteration space, preserving the original semantics of the program. Our framework
for reactive tiling is enclosed in the bounded box in Figure 4.1. The transformed code with
multiple instances of tile sizes can be considered as the preliminary step for our Safe Points
Analysis and Code Unification. Safe Points are specific points in the program execution which
ensure correctness of execution when the program switches from one tile size to another. Code
Unification on the other hand is essentially a code generation phase which produces a unified code
by merging multiple tile sizes which can adapt themselves to changing system resources during
runtime. Finally, we generate, as output, a tiled code with the appropriate tile sizes that maximize
performance and utilization of shared cache space allocation. Basics of tiling transformation are
already discussed in Chapter 2; forthcoming chapters elaborate more on Code Generation, Safe
Point Analysis, and Code Unification phases.
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3.2

Code Generation for Multiple Tile Sizes

Tiling transformation (explained in Chapter 2) is followed by the code generation phase. Currently, we employ CLooG code generator [28] to implement our code generation. However, if
desired, one can easily replace it with any other existing code generator.
// Safe Point 1
for t1 = 0 to t1 < ⌊

−1
⌊ N16
⌋

/* Safe Point 1 */
if CacheSize == X then
⌊ N −1 ⌋
for t1 = 0 to t1 < ⌊ N16
−1 ⌋ do

⌋ do

−1
⌋
⌊ N64
−1
⌋ do
0 to t2 ≤ ⌊ N32
−1
⌋ do
= 0 to t3 ≤ ⌊ N16

for i = 0 to N do
for j = 0 to N do
for k = j to N do
c[i][k]+ = a[i][j] + a[i][k];

// Safe Point 2
for t1 = ⌊

(a)
−1
⌋ do
for t1 = 0 to t1 ≤ ⌊ N16
−1
⌋ do
for t2 = 0 to t2 ≤ ⌊ N32
−1
for t3 = 0 to t3 ≤ ⌊ N16
⌋ do
for t4 = 16 ∗ t1 to t4 ≤ min(N − 1, 16 ∗ t1 + 15)
do
for t5 = 16 ∗ t3 to t5 ≤ min(N − 1, 16 ∗ t3 + 15)
do
for t6 = max(32 ∗ t2, t4) to t6 ≤ min(N −
1, 32 ∗ t2 + 31) do
c[t4][t6]+ = a[t5][t4] ∗ a[t5][t6];

(b)
−1
for t1 = 0 to t1 ≤ ⌊ N32
⌋ do
−1
⌋ do
for t2 = 0 to t2 ≤ ⌊ N64
−1
⌋ do
for t3 = 0 to t3 ≤ ⌊ N32
for t4 = 32 ∗ t1 to t4 ≤ min(N − 1, 32 ∗ t1 + 31)
do
for t5 = 32 ∗ t3 to t5 ≤ min(N − 1, 32 ∗ t3 + 31)
do
for t6 = max(64 ∗ t2, t4) to t6 ≤ min(N −
1, 64 ∗ t2 + 63) do
c[t4][t6]+ = a[t5][t4] ∗ a[t5][t6];

(c)

⌊ 64 ⌋

for t2 =
for t3
scan-intra-tile 16 × 32 × 16
−1
⌋
⌊ N16

−1
⌋
⌊ N64

⌋ to t1 < 2 ∗ ⌊

−1
⌊ N16
⌋
−1
⌋
⌊ N64

−1
for t2 = 0 to t2 ≤ ⌊ N32
⌋ do
−1
⌋ do
for t3 = 0 to t3 ≤ ⌊ N16
scan-intra-tile 16 × 32 × 16

if CacheSize == Y then
for t1 = 0 to t1 < 1 do
−1
for t2 = 0 to t2 ≤ ⌊ N128
⌋ do
−1
⌋ do
for t3 = 0 to t3 ≤ ⌊ N64
scan-intra-tile 64 × 128 × 64

⌋ do

−1
for t2 = 0 to t2 ≤ ⌊ N32
⌋ do
−1
for t3 = 0 to t3 ≤ ⌊ N16
⌋ do
scan-intra-tile 16 × 32 × 16

..
.
// Safe Point k
for t1 = (k − 1) ∗ ⌊

−1
⌊ N16
⌋

⌋ to t1 < k ∗ ⌊

−1
⌊ N64
⌋
−1
0 to t2 ≤ ⌊ N32
⌋ do
−1
⌋ do
= 0 to t3 ≤ ⌊ N16

for t2 =
for t3
scan-intra-tile 16 × 32 × 16

−1
⌊ N16
⌋
−1
⌊ N64
⌋

(d)
// Safe Point 1
for t1 = 0 to t1 < 1 do
−1
⌋ do
for t2 = 0 to t2 ≤ ⌊ N128
−1
for t3 = 0 to t3 ≤ ⌊ N64
⌋ do
scan-intra-tile 64 × 128 × 64
// Safe Point 2
for t1 = 1 to t1 < 2 do
−1
for t2 = 0 to t2 ≤ ⌊ N128
⌋ do
−1
for t3 = 0 to t3 ≤ ⌊ N64
⌋ do
scan-intra-tile 64 × 128 × 64
..
.
// Safe Point k
−1
−1
⌋ − 1 to t1 < ⌊ N64
⌋ do
for t1 = ⌊ N64
−1
for t2 = 0 to t2 ≤ ⌊ N128
⌋ do
N −1
for t3 = 0 to t3 ≤ ⌊ 64 ⌋ do
scan-intra-tile 64 × 128 × 64

⌋ do

/* Safe Point 2 */
if CacheSize ==
X then
−1
⌊ N −1 ⌋
⌊ N16
⌋
for t1 = ⌊ N16
−1 ⌋ to t1 < 2 ∗ ⌊ N −1 ⌋ do
⌊ 64 ⌋

⌊ 64 ⌋

−1
for t2 = 0 to t2 ≤ ⌊ N32
⌋ do
−1
⌋ do
for t3 = 0 to t3 ≤ ⌊ N16
scan-intra-tile 16x × 32 × 16

if CacheSize == Y then
for t1 = 1 to t1 < 2 do
−1
for t2 = 0 to t2 ≤ ⌊ N128
⌋ do
−1
⌋ do
for t3 = 0 to t3 ≤ ⌊ N64
scan-intra-tile 64 × 128 × 64
end if
/* Safe Point 3 */
..
.
/* Safe Point k */
if CacheSize == X then
−1
⌊ N16
⌋
⌊ N −1 ⌋
for t1 = (k − 1) ∗ ⌊ N16
−1 ⌋ to t1 < k ∗ ⌊ N −1 ⌋ do
⌊ 64 ⌋

−1
for t2 = 0 to t2 ≤ ⌊ N32
⌋ do
−1
⌋ do
for t3 = 0 to t3 ≤ ⌊ N16
scan-intra-tile 16 × 32 × 16

if CacheSize == Y then
−1
−1
⌋ − 1 to t1 < ⌊ N64
⌋ do
for t1 = ⌊ N64
−1
for t2 = 0 to t2 ≤ ⌊ N128
⌋ do
N −1
for t3 = 0 to t3 ≤ ⌊ 64 ⌋ do
scan-intra-tile 64 × 128 × 64

(e)

(f)

Figure 3.3. Transformed codes on different phases in reactive tiling framework. (a) is the original code;
(b) and (c) are the tiled codes with tile sizes 16 × 32 × 16 and 32 × 64 × 32, respectively. These constitute
the output of the code generation phase; (d) and (e) represent the codes where safe points are inserted.
They are the output of the safe point analysis phase; (f) is the code after the code unification step.

Recall that the generated tiled code can be viewed as scanning the integral iteration points
inside the polyhedra under a specified lexicographic ordering, once and only once. Meanwhile,
the dependences (if exist) in the original program also need to be preserved. In CLooG, this
order can be characterized by the following affine function (called the scattering function):
~ , 1)T ,
φ(~i) = C.(~i, N

(3.1)

~ is the vector includes all the global parameters and “1” indicates
where C is a constant matrix, N
the offset. φ(.) represents the logical execution time for the iteration ~i. If an instance of statement

⌊ 64 ⌋
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s (denoted as ~is ) depends on an instance of statement t (denoted as ~it ), then ~is should be executed
earlier than ~it . Therefore, we have φ(i~s ) ≺ φ(i~t ).2 As a result, the key to scanning the polyhedra
is to determine the matrix C. More discussion on C can be found elsewhere [26]. In CLooG,
Quillere’s algorithm [25] is used since it gives the best results when generating code for several
polyhedra.
During the code generation phase, a tiled code that can accommodate multiple tile sizes is
generated. The required tile sizes for code generation are determined using application profiling
and regression methods; the set of tile sizes that should be used for code generation will be
explained in detail in the experiments chapter. Figure 3.3(b) and Figure 3.3(c) represent the
generated tiled codes with tile sizes 16 × 32 × 16 and 32 × 64 × 32, respectively, for the original
code given in Figure 3.3(a).
We generate tiled code with multiple tile sizes for two purposes. Firstly, during an application
execution, modulations in shared cache allocations can result in application performance variations. A fixed tile size may not give the best performance when the amount of available shared
cache to an application varies. It can be further argued that varying the tile size in accordance
with the shared cache allocation can result in the best application performance. Decisions regarding the choice of the right tile size, which gives best performance improvement, need to be made
at runtime. Secondly, in an environment with dynamic changes in the amount of shared cache
allocated to an application, our proposed reactive tiling scheme will switch to the right tile size
at runtime. Generating multiple tile sizes assists in the decision of choosing appropriate tile sizes.

3.3

Safe Point Analysis

In this chapter, we introduce the concept of safe point. Recall that previous chapter discussed
the code generation for different tile sizes. Even though the code was generated for different
tile sizes, program semantics are not affected. However, selecting the right tile size can affect
the performance of the application. Optimal tile size selection problem has been studied in
the context of auto-tuning programs in which the program parameters such as tile sizes are
determined based on iterative techqniues [21].
The objective of safe point is to provide a seamless mechanism that enables the code to switch
from one tile size to another at runtime without affecting the correctness of the program. The
distinguishing feature of our method is that a tiled application can switch from one tile size to
another while it is running. Unlike existing approaches, such as [22] which requires the program
to be re-run from the beginning, our approach ensures that the current state of the computation
is preserved while making a switch from one tile size to another. Shortly later, we define safe
points and give an algorithm on how to compute safe points given multiple tile sizes.
2 Lexicographic ordering: Consider vectors ~
a = (a1 , a2 , · · · , an ) and ~b = (b1 , b2 , · · · bn ) in a n-dimensional space.
~a is lexicographically smaller than ~b, denoted by ~a ≺ ~b if a1 < b1 or both a1 = b1 and (a2 , · · · an ) ≺ b2 , · · · bn ).
Similarly, ~a  ~b if a1 ≤ b1 or both a1 = b1 and (a2 , · · · , an  b2 , · · · , bn ).
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Algorithm 1 Safe Points Analysis Algorithm
Input: (N1 , T1 ), (N2 , T2 ), · · · , (Nn , Tn ) pairs, where Ni is the total number of tiles of the (same)
loop nest with tile size Ti
Output: ST1 , ST2 , · · · , STn , where STi , denotes the set of safe points for tile size
Ti .
1: begin:
2: if L.C.M(T1 , T2 , · · · , Tn ) < min(N1 , N2 , · · · , Nn ) then
3:
for i = 1 to n do
4:
λi ← LCM(T1 , T2 , · · · , Tn )/Ti ;
5:
i ← 0;
6:
saf eP ointV ar ← 0;
7:
ST1 ← null;
8:
/*for each λi , calculate all the safe points */
9:
while saf eP ointV ar < min(N1 , N2 , · · · , Nn ) do
10:
saf eP ointV ar ← i × λi ;
11:
STi ← STi ∪ saf eP ointV ar;
12:
i ← i + 1;
13:
end while
14:
end for
15: else
16:
No safe point exists.
17: end if
18: return ST1 , ST2 , · · · , STn .
19: end

Local Safe Point:

Let T1 and T2 be two tile sizes of the same loop nest. Then, the origin

of every λ1 tile (with respect to tile size T1 ) and the origin of every λ2 tile (with respect to tile
size T2 ) are common to both the tiles. These origins are called local safe points. Specifically, λ1
= LCM(T1 , T2 )/T1 and λ2 = LCM(T1 , T2 )/T2 .3
Global Safe Point:

Let T1 , T2 , · · · , Tn be the tile sizes of n different loop nests. Without loss

of generality, the origin of every λi tile (with respect to tile size Ti ) is referred as the global safe
point, where 1 ≤ i ≤ n and λi = LCM(T1 , T2 , · · · , Tn )/Ti .
The local safe points can be used for switching between two tile sizes in the same loop nest.
In constrast, the global safe points can be used for switching between tile sizes across multiple
loop nest. Generally speaking, there are much fewer global safe points than local safe points
according to the above definitions. It highly depends on the current context to decide what kind
of safe points should be accommodated. One can find that the local safe point is actually a
special case of global safe point. Let code1 , code2 , · · · , coden be code versions generated at the
end of code generation phase. By definition, local safe points can be used to swtich between two
code versions, codei and codej , however, if the code has to be switched from one version to any
3 LCM

denotes the mathematical Least Common Multiple function.
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of the n other code versions, only a global safe point can be used. In the rest of this thesis, for
simplicity, we will use the term safe point in referring to both of them.
Lemma:

Given a set of n pairs: (N1 , T1 ), (N2 , T2 ), · · · , (Nn , Tn ), where Ni is the total

number of tiles for a loop nest with tile size Ti , a safe point exists iff LCM(T1 , T2 , · · · , Tn ) <
min(N1 , N2 , · · · , Nn ).

Proof. Based on the definition of safe point, after executing λi number of tiles with tile size Ti
(1 ≤ i ≤ n), a safe point is reached. Since LCM(T1 , T2 , · · · , Tn ) < min(N1 , N2 , · · · , Nn ), a safe
point is reached before the completion of execution of tiles in either loop nests. Hence, a safe
point is guaranteed to exist
The algorithm for calculating safe points is given as Algorithm 1 below. This algorithm takes
as input the tile sizes generated from the tile generation phase. If LCM(T1 , T2 , · · · , Tn ) is greater
than min(N1 , N2 , · · · , Nn ), then a common safe point does not exist. Otherwise, we generate all
the safe points for each given tile size (lines 9 through 13).

3.4

Graphical Illustration of Safe Points

i2

i2

i1

i1
(a)

(b)

Figure 3.4. Graphical illustration of safe points with different tile sizes. (a) and (b) illustrate the tiled
iteration spaces with tile sizes 2 × 2 and 4 × 4, respectively. Black dots represents the iteration points;
the safe points i1 and i2 are cycled; arrows indicate the lexicographic execution order of the iterations.

For simplicity, we use a two-dimensional loop nest illustrating the safe points. Figures 3.4(a)
and 3.4(b) correspond to the same loop nest with different tile sizes, T1 and T2 , respectively.
In these figures, the loop iterators form the co-ordinate axes. And the black dots represent the
iterations and the safe points are cycled. An arrow indicates the lexicographic execution order of
the iterations. In this example, Figure 3.4(b) represents a tile size larger than Figure 3.4(a), i.e.,
T2 > T1 , which explains the reason for fewer tile origins in Figure 3.4(b). Based on the definition
in Chapter 3.3, safe points i1 and i2 are calculated for both tile sizes T1 and T2 . Specifically,
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Algorithm 2 Code Unification Algorithm
Input: T1 , T2 , · · · , Tn ; ST1 , ST2 , · · · , STn ; Original Code
Output: Unified Tile Code
1: for each tile Ti ∈ (T1 , T2 , · · · , Tn ) do
2:
for each safe point sp ∈ STi do
3:
Unroll and Compute the loop bounds at each safe point
4:
Identify best cache size Xi for tile size Ti
5:
Insert predicate if (CacheSize == Xi )
6:
Terminate the predicate at the end of safe point
7:
end for
8:
Merge code between safe points;
9: end for
we have ST1 = {0, 8} and ST1 = { 0, 2 }. At any of them, a transistioning can be made from
one tile size to another without affecting the correctness of the execution of the program. The
corresponding λ1 and λ2 are 8 and 2, respectively.
A loop nest example comparing safe points for two tile sizes is shown in Figures 3.3(d) and
3.3(e). In this example, the code on the left hand side corresponds to a tile size of T1 = 16×32×16
and the code on the right hand side corresponds to a tile size of T2 = 64×128×64. This indicates
that we have T2 = 64 × T1 . Therefore, by using the lemma defined earlier, for every execution of
64 smaller tiles, the tile origins are overlapped, and the safe points are formed. The original loop
nest is now unrolled at these safe points and the new loop bounds are computed. The take away
here from this discussion is that, during program execution, the code can switch from the safe
points defined in one loop nest to corresponding safe points of the other loop nest, thus effectively
changing the tile size at runtime safely without affecting the correctness of the program. The
next chapter explains a code unification mechanism that produces a unified code for multiple tile
sizes which adapts itself (or auto-tunes itself) to varying cache allocations.

3.5

Code Unification

The safe point analysis algorithm shown in Algorithm 1 returns the list of the safe points for
given input tile sizes. We use these safe points during the code unification step. Code unification
is performed in two phases, the first phase is the unroll phase and the second phase is merge.
During the unroll phase, nests are unrolled up to the safe points, and new loop bounds for the
unrolled loop nests are calculated. Once the unroll phase is complete, we proceed to the merge
phase. During the merge phase, an appropriate tile size selection is carried out based on the
shared cache allocation. We introduce a predicate which checks the state of the current cache
allocation at a safe point and, based on the cache allocation selects the right tile size. Our code
unification strategy is given in a pseudo-code form in Algorithm 2.
An example for code unification for two tile sizes is given in Figure 3.3(f). In this example
two cache allocations are studied, X KB and Y KB. We used the symbolic variable CacheSize to
inform the application of the varying cache size. In practice this can be achieved through either
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the use of a general purpose register or a signaling mechanism. At a safe point, an application
can check the variable CacheSize and if the value of CacheSize is X, then the application chooses
the tile size of 16 × 32 × 16, and if the value of CacheSize is Y , then the application chooses the
tile size of 64 × 128 × 64. The details are explained in the next chapter.

Chapter

4

Experimental Setup and Results
In this chapter, we present a detailed description of experimental setup and results. For clarity
our results are segregated into two classes. The first class consists of different synthetic cache allocations; and second class consists of reactive application co-running with SPEC2006 benchmarks,
and we use utility based cache partitioning [35]

4.1

Experimental Setup

We evaluated our reactive tiling scheme on a 4-core CMP, with cores based on Linux X86 architecture. The relevant details of this architecture are presented in Table 1. The application is
initially profiled with various tile sizes and shared cache allocations. This profiling determines
the right tile size for a given shared cache allocation. The results from profiling will be used
later to identify the best tile size from a pool of tile sizes for a given cache configuration. All the
experiments are performed using two different versions explained below.
• Default. In this version, the application uses a static tile size. In this configuration, the
application is oblivious to the changing system cache allocations. Before the execution begins,
the application checks with the system the amount of cache space allocated to it. Based on the
amount of shared cache available to the application, the best tile size from the given pool of tile
sizes is determined. After selecting the best tile size from the available pool of tile sizes, the
application adheres to the fixed tile size until it terminates.
• Reactive. In this version, multiple tile sizes can be exercised during the course of execution.
The application tracks the modulations in its cache allocation. Similar to the default version,
before the execution, the application chooses the best tile size from the pool of tile sizes available.
However, the application will no longer adhere to the initial tile size chosen. Specifically, when it
reaches a safe point during its execution, it checks the amount of shared cache available to it at
that point. If the application notices a change in the available cache allocation, it dynamically
switches to the best tile size for the new shared cache allocation.
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Figure 4.1. Scenarios of the cache allocation variations. The x-axis and y-axis in all the nine Scenarios
represent the time and cache size, respectively.
Processor
Clock Frequency
L1 D-Caches
L1 I-Caches
L2 Cache
Memory

4 cores, 4-way fetch and issue in-order for each, single threaded
2GHz
Direct mapped, 32 KB, 64-byte block size, 3 cycle latency
Direct mapped, 32 KB, 64-byte block size, 3 cycle latency
8-way set associative, 4MB, 64-byte block size, 15 cycle latency
4GB, 200 cycle off-chip latency
Table 4.1. Platform setup.

Test cases and benchmarks.

We evaluated the effectiveness of our reactive tiling approach

with two classes of caches allocations. In the first class (synthetic allocations), cache allocations are generated by enforcing a partitioning policy on the shared cache. In the second class
(SPEC2006 benchmarks), the cache allocations are determined by continuously monitoring the
co-running application performance. In our implementation, we used a variant of utility-based
cache partitioning scheme [35], though our approach can be easily integrated with other hardware/OS partitioning schemes as well. In the experiments we use only one reactive application,
Symmetric Rank K Update Kernel (DSYRK) 1 .
• Synthetic Scenarios. The rationale behind generating synthetic scenarios (see Figure 7) is
to generate different cache allocation patterns. Broadly speaking, the allocations are monotonically increasing (#1, #4), monotonically decreasing (#2, #5), fluctuating between two values
(#3), monotonically increasing and then decreasing (#7), monotonically decreasing and then increasing (#8), and finally constant (#6, #9). Even though other synthetic configurations could
be generated, we believe that these configurations are representative of a large class of cache
allocation scenarios.
• SPEC2006 Scenarios. The SPEC2006 scenarios are designed to test our approach under
a realistic cache partitioning scheme, specifically, we used a variant of utility-based cache parti1 DSYRK is a representative kernel of the family of level-3 Basic Linear Algebra Subprograms (BLAS) routines,
these routines are heavily used in high performance computing and Linear Algebra Solvers
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tioning scheme [35], to test our framework. In this setup, the cache allotment is performed by
continuously measuring the IPC (Instructions Per Cycle) of each workload. Decisions for cache
allocation, in this framework, are based on maximizing an objective function of some global metric such as the weighted speedup. In these experiments, we execute one reactive application with
three SPEC2006 applications on the same multicore machine. We use a cache partitioner that
dynamically (continuously) divides the shared L2 cache space across the applications (1 reactive
and 3 SPEC2006) in the workload, and the reactive application modulates its tile sizes based on
its cache allocations.
System Specification.

We built our complete system in a full system simulator [4]. The

challenging part in the implementation was to establish communication between the OS and the
reactive application. Our implementation uses a general purpose register (eax) to achieve this
communication. Using in-line assembly instructions, the size of cache allotment is communicated
to the application through this register (the register holds the memory reference where the
size of cache allotment is written). Cache allocations are written to the shared memory using
SIM Write Phys Memory(· · · ) function call. The application reads the contents of this memory
location (at safe points) to identify the best tile size. It then switches to appropriate tile size
based on the current cache allotment. In our experiments, the applications are bound to cores
using the sched setaffinity(· · · ) system call.
Scenario#
1
2
3
4
5
6
7
8
9

Static
Tiles (seconds)
295.81
504.18
297.77
449.44
375.42
274.83
304.63
390.34
312.26

Reactive
Tiling (seconds)
276.34
308.75
282.66
298.39
306.30
274.91
282.52
292.16
313.01

percent
improvement
6.5 %
38.7 %
5.0 %
33.6%
18.4%
0.0%
7.2%
25.1%
-0.2%

Figure 4.2. Results from the synthetic allocation cache allocations

4.2

Experimental Results

Figures 8(a),(b),(c),(d) show the execution time (in seconds) for various versions of the tiled code
for four reactive applications. Figure 8(a) shows profiled information for all possible tile sizes and
cache allocations, for Symmetric Rank k Update Kernel. In this figure, X-axis represents various
tile sizes, and Y-axis represents the performance (execution time) of each tile size. The vertical
group of bars of a given tile size correspond to the execution time with varying cache allocations.
Each group of vertical bars from left to right show cache allocations ranging from 32KB to
2048KB. In a similar manner, Figures 8(b), 8(c) and 8(d) give results for Matrix Multiplication,
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Mix

SPEC2006
Mix

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

dsyrk, leslie3d, sjeng, specrand
dsyrk, mcf, dealII, gcc
dsyrk, lbm, GemsFDTD, calculix
dsyrk, lbm, bzip2, gromacs
dsyrk, hmmer, sjeng, omnetpp
dsyrk, h264ref, gobmk, Xalan
dsyrk, leslie3d, Xalan, sjeng
dsyrk, astar, bzip2, calculix
dsyrk, astar, h264ref, bwaves
dsyrk, bzip2, GemsFDTD, gromacs
dsyrk, calculix, cactusADM, hmmer
dsyrk, cactusADM, dealII, astar
dsyrk, cactusADM, gromacs, lbm
dsyrk, gobmk, mcf, gromacs
dsyrk, gcc, mcf, h264ref

Static Optimal
Tiles
(sec)
257.93
250.19
326.02
331.93
335.11
319.88
232.26
301.56
302.82
293.01
328.14
301.88
339.06
287.97
306.58

Reactive
Tiling
(sec)
203.02
202.97
285.13
274.66
290.82
268.77
229.01
244.90
263.49
254.92
278.07
269.78
285.63
249.12
290.80

Percentage
improvement
21.2 %
18.8 %
12.5 %
17.2 %
13.2 %
15.9 %
1.4 %
18.7%
12.9%
12.9 %
15.2 %
10.6 %
15.7 %
13.4 %
5.14 %

Workload
IPC
improvement
0.6%
2.3%
5.4%
6.7%
13.2%
0.2%
2.4%
3.9%
-0.3%
-0.2%
3.2%
-2.4%
2.1%
-0.4%
0.0%

Figure 4.3. Results from utility based cache allocations

Symmetric Matrix Multiplication and In-Place Triangular Matrix Multiplication, respectively.
In the rest of our experiments, we use only one reactive application (dsyrk). The left table
in Figure 9, gives the execution results with the best static tile size (for that application) and
reactive tiling. One can see from the results that our reactive tiling strategy generates about
19.25% improvement over the best static tile size, when averaged over all synthetic scenarios
shown in Figure 7. Note that each bar corresponds to the execution of an application with a
fixed cache allocation and a fixed (static) tile size. The takeaway message from these results is
that, depending on the available cache capacity, each application may prefer a different tile size.
The right table in Figure 9, on the other hand shows the percentage improvements reactive
tiling brings over then best static tile i.e., being executed with SPEC2006 applications. We see
that, on average our approach improves execution time by 10.52%.
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Related Work
In the chip-on-multiprocessor (CMP) domain, a large volume of literature investigated into various cache partitioning schemes [2, 5, 6, 7, 8, 13, 14, 15]. Typically, cache partitioning schemes can
be broadly classified into 3 steps: Measuring, Partitioning and Enforcement of the partitioning
policy in repetitive manner [2]. (1) Measurement: In terms of miss rate (or other metrics such
as IPC), measure the performance of each application; (2) Partitioning: According to the performance measurement, find the optimized cache partitioning scheme by some objective functions;
(3) Enforcement: Enforce the proposed partitioning scheme.
Stone et al. [5] studied optimal allocation of cache memory between two competing processes
which minimizes the overall miss-rate of a cache. The focus of their work is miss rate as a function
of cache allocation of individual competing processes. It shows that the optimal allocation occurs
at a point where the miss-rate derivatives of the competing processes are equal. Suh et al. [6]
proposed a dynamic cache partitioning method for simultaneous multithreading systems which
can be applied to set associative caches at any partition granularity. It minimizes the overall cache
miss rate wherein a cache miss will only allocate a new cache block to a thread if its current
allocation is below its limit. Chang and Sohi [2] presented Cooperative Cache Partitioning
(CCP) to allocate cache resources among threads concurrently running on CMPs. Unlike cache
partitioning schemes that use a single partition repeatedly throughout a stable program phase,
CCP adapts multiple time-sharing partitions to resolve cache contention.
Hsu et al. [7] investigated various partitioning metrics and found that simple policies like LRU
replacement and static uniform partitioning cannot provide near-optimal performance. Kirk
[8] developed a strategy that statically partitions the cache for each task in the task set to
allow maximum cache performance. Suh et al. [13] presented an analytical cache model, which
has been used to dynamically partition the cache, to accurately estimate the overall miss-rate
for multiple applications running on CMP machine. Dybdahl and Stenstrom [14] proposed an
adaptive shared/private partitioning scheme to exploit private cache locality and avoid interthread interference. Kim et al. [15] evaluated five cache fairness metrics that measure the degree
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of fairness in cache sharing. By using these metrics, they proposes static and dynamic L2 cache
partitioning schemes to optimize fairness in order to improve the system performance.
Compiler directed loop transformations [29, 30, 31, 32, 27, 24] such as tiling has been extensively studied in recent decades. A large volume of work has addressed the problem of selecting
tile sizes which improve application performance [16, 20, 17, 18, 23, 19]. Coleman and McKinley
[16] proposed a tile size selecting scheme by taking cache capacity and cache line size into account. Nikolopoulos [39] proposed a dynamic tiling scheme which swtiches between two tile sizes
to prevent cache conflicts using copy and block layout mechanisms. Our approach differs from
[39] in that it prevents maintenance of additional buffers and copying to these buffers. Further,
our approach does not need to compute the linearised expression for block layout which could
be expensive. Esseghir [20] presented an algorithm chooses the maximum number of complete
columns that fit in the cache. Sarkar and Megiddo [17] introduced an analytical model to estimate the memory cost of a loop nest and an iterative search algorithm to find optimal tile sizes.
Hartono et al. [18] considered tile sizes as parameter rather than a constant for imperfectlynested loops so that dynamic optimizations can be implemented. Lam et al. [23] described
a model for evaluating cache interference which evaluates reuse for one variable, and quantifies
self-interference misses as a function of tile size. Zhao et al. [19] proposed a runtime optimization
strategy to empirically search for ideal tile sizes.
Our reactive tiling scheme differs from the rest of the earlier proposed schemes as we consider
the runtime effects of allocated shared cache space to the tile size. There are several advantages
in our framework. First, the application can adapt itself according to the current system cache
allocation. Second, a unified adaptive code is generated which can be used for all possible system
cache configurations. This one time compilation strategy generates binaries for various target
system configurations. The same executable can be ported to various systems with varying
memory hierarchies. Third, when an application begins execution, the state of computation is
preserved at each safe point. This is particularly important in application scenarios where the
initial selection of parameters is done based on the current system configuration, the parameters
become invalid as soon as the system configuration changes. Our method ensures that the
application always picks the right set of program parameters even while the application is running.
Last but not least, it provides a natural check pointing mechanism where the state of computation
need not be discarded in search of optimal parameters.

Chapter
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Concluding Remarks
The main contribution of this thesis is a reactive tiling strategy using which an application can
react to OS/hardware based resource allocation decisions. In this strategy, at suitable execution
points, the (reactive) application checks the amount of cache space (from a shared cache storage)
made available to it (e.g., by the OS or by an hardware-based resource partitioner) and switches
to the best tile size that goes with the new cache allocation. We tested the success of this
strategy using synthetic allocations (that enforce pre-specified fix allocation patterns) as well as
allocations coming from a utility based cache partitioner. Our experimental results reveal that
the proposed reactive tiling approach improves over the best static tiles by 19.2% (on average)
when using static allocations and 13.3% (on average) when using the allocations from the utility
based cache partitioning.
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