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Code generation for embedded processors opens up the possibilityfor several performance optimiza
tion techniques that have been ignored by traditional compilers that typically do not exploit architectural
features of embedded processors such as paramaterized caches. In this report, we present techniques
that take into account the parameters of the data caches, for organizing variables declared in embedded
code into memory, with the objective of improving data cache performance. We present techniques
for clustering variables to minimize compulsory cache misses, and for solving the memory assignment
problem to minimize conflict cache misses. Our experiments with benchmark code kernels from DSP
and other domains on the CWjOOl embedded processorfrom LSI Logic indicate significant improve
ments in data cache performance (average improvement of 42% in hit ratios) by the application of our
memory organization technique.
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1 Introduction

Embedded microprocessors are a common feature in modern electronic systems due to the advantages
they offer in terms of flexibility, reduction in design time and full-custom layout quality [Marw95].
Very often, these processors are available in the form of cores, which can be instantiated as part of a
larger system on a chip. This is feasible in current technology due to the relatively small area occupied
by the processor cores, making the rest of the on-chip die area available for RAM, ROM, coprocessors,
and other modules. A core-based design methodology is driven by demands for design-reuse that
ultimately results in reduced development time. Apart from the processors in the Digital Signal
Processing domain (such as the TMS320 series from Texas Instruments), we also find microprocessors
with relatively general purpose architectures available as embedded processors. An example of such a
general purpose embedded processor is LSI Logic's CW4001 [AuCG95], which is based on the MIPS
family of processors.

Generation of efficient code for embedded processors has been the subject of recent investigation
[GRVM90, PLMS95, ADKL95]. Optimization techniques that improve the performance of applica
tion programs by exploiting the irregular architectures of some embedded DSP processors and other
application specific processors have been reported [LDKT95, SuMa95, GRVM90, LiMP94]. Research
efforts have also focussed on retargetable code generation, with an attempt to generate code from the
same behavioral specification, into different target embedded processors, using a suitable processor
model [LPKS95, Sche95].

An important determinant of performance in embedded systems is the interaction between the
processor and external memory. Embedded processors such as the CW4001 are equipped with on-
chip instruction and data caches, which interface with larger off-chip memories. Since off-chip memory
accesses usually staUthe CPU execution for significant durations (each access could take 5-10processor
cycles, depending on the relative processor and memory access speeds), it is important to design the
interface between cache and main memory carefully [PaHe94]. Several architectural and compiler
optimizations have been reported in the past that ensure spatial and temporal locality of programs so
as to improve instruction and data caches .

Cache misses can be classified into three categories: (1) compulsory misses- caused when a memory
word is accessed for the first time, (2) capacity misses - caused when cache data that would be needed
in the future is displaced due to the working data set being larger in size than the cache, and (3)
conflict misses - caused when cache data is replaced by other data, in spite of the presence of usable
cache space. Conflict misses can be avoided by using a fuUy associative cache, but due to access time
constraints, all practical cache memories employ a limited-associativity architecture. In fact, studies
show that the simple direct-mapped cache architecture is indeed the best choice for most applications
[Hill88].

In this work, we address the problem of organization of data in main memory to improve data
cache performance during the execution of code in embedded processors. Specifically, we concentrate
on the minimization of compulsory and conflict misses in data caches.

In Section 2, we discuss the various approaches that have been taken in the past to improve
the performance of cache memories. Section 3 introduces the cache parameters and presents the
formulation of the data organization problem with a motivating example. Sections 4 and 5 detail the
solution to the problem of organizing scalars and arrays respectively. In Section 6, we present the
experiments we conducted to vaUdate our data organization strategies. We present our conclusions in
Section 7.



2 Related Work

In the computer architecture and compiler domains, many techniques dealing with improvement of
cache performance involve additional hardware assistance [Joup91, YJHG95], which can often be
expensive in terms of additional on-chip area.

A weU known compiler optimization technique called blocking combines strip mining and loop
permutation to maximize temporal locality of reused data [CaKe92, Wolf89]. This technique helps
in reducing capacity misses in data caches, but is susceptible to conflict misses. Further, a related
difficult problem is the selection of the appropriate block size in such techniques [LaRW91, CoMc95].

Software Prefetching [CaKP91], where non-blocking pre/etch instructions are inserted into the code
to load memory data into cache before the actual memory accesses take place, sometimes helps avoid
cache misses. However, this requires changes to the processor's instruction set and architecture. This
also leads to an increase in code size.

In the embedded processors domain, codeplacement methods based on program traces for improve
ment of instruction cache performance have been reported [ToYa96]. [LiMW95] presents a technique
for estimation of instruction cache performance. However, no published literature exists on the im
provement of data cache performance in embedded systems.

Embedded system design is characterized by certain features that traditional compilers typically
do not consider in their optimizations. For example, compilers seldom take into account the specific
cache parameters such as cache line size in their optimizations, since the generated codeis expected to
be independent of the target cache and memory configurations. However, in embedded systems, code
generation can be tuned to the specific cache configuration to be used (or the specific configuration
that is being currently explored).

Further, in traditional compilation, data items are assigned virtnal addresses, which are converted
into physical addresses of the main memory by the loader software in the operating system, which
might have to schedule several processes simultaneously, with the virtual address in each process being
mapped to a diflferent physical address. Thus, the compiler has no knowledge of the exact memory
location to be occupied by the data, and usually does not address the issue of relative placement of
data in memory. In an embedded processor, however, there is typically a single application program
executing, and the exact memory location occupied by the data can be assigned by the compiler. This
creates opportunities for analyzing the data access patterns to identify possible cache conflict misses.
In this work, we exploit this situation to organize data in memory in order to minimize data cache
misses.

3 Problem Description

Consider a direct-mapped cache of size C {C = 2*") with a cache line size L words, i.e., L consecutive
words are fetched from memory on a cache read miss. Cache memories differ in their write policies.
Both the write-back ajuA write-through strategies [PaHe94] have their merits and demerits. In the write-
through mode, the other policies that guide the design are write-allocate andfetch-on-miss [Joup93]. In
our formulation, we assume a write-through cache with a fetch-on-miss policy for illustration purposes,
though the technique remains identical for other write policies, and is equally effective. Further, we
only consider a direct-mapped cache in our formulation, but the data organization strategies are similar
as long as the data cache is of limited associativity, e.g., 2- or 4-way associative.

We use a small example to illustrate the problem and our approach. Suppose the following fragment
of code is executed on a processor with the above cache configuration, where N is an exact power of



2, and N > C.

int a[iV"], 6[iV], c[iV];

for i in 0 to iV — 1

c[i] = a[i] + 6[i]; end for

Assuming that a single array element occupies one memory word, let array a begin at memory
location 0, b at A, and c at 2N. Let f{x) denote the cache line to which the program variable x
is mapped. In a direct-mapped cache, the cache line that would contain a word that is located at
memory address M, is given by: {M mod C)/L. In the above example, array element a[i] would be
located at memory address: i. Similarly, we have 6[i] : N + i and c[i] : 2N + i- We find that the
corresponding cache lines to which each of them wiU be mapped are:
/(a[f]) = (i mod C)/L
f{b[i]) = ((A -f- i) mod C)/L = {i mod C)/i (since A is divisible by C)
/(c[i]) = ((2A -f i) mod C)/L = (i mod C)/L

i.e., a[f],6[i], and c[i] are mapped onto the same cache line.

Thus, the sequence of events that take place in one loop iteration is: a cache miss occurs while
accessing a[f]; the line /(a[f]) is fiUed; accessing b[i] now causes a miss, since, even if it was present
in cache before, it was displaced by the last access to a[i] (remember that f{a[i]) = f{b[i]))] /(«[«])
is now fiUed by the line from 6; the write to c[i] also causes a miss, since f(c[i]) = /(6[f]); in a fetch-
on-miss cache, this causes the same cache line to be displaced by elements of array c. The same cycle
repeats in other iterations. In other words, every memory access results in a cache missl (Figure 1).
Such memory access patterns are known to result in extremely inefficient cache utilization, especially
because many applications deal with arrays whose dimensions are a perfect power of two [YJHG95]. In
such situations, blindly increasing the cache size is not an efficient solution, because the cache misses
are not caused due to lack of capacity. Note that the only active cache line during one iteration of
the loop is f{a[i]). The conflict-misses can be avoided if the cache size C is made greater than A, but
there is an associated area and access time penalty incurred when cache size is increased. Generally,
reorganizing and relocating the data in memory results in a more elegant solution, while keeping the
cache size relatively small.

Memory

N

N

N

a[i]

a

b[i] .

b

c[i]

c

Data Cache

Figure 1: a[f], 6[z] and c[i] map into the same cache line

There are two ways to prevent the thrashing caused by excessive cache conflicts in the above simple



example. The first solution is to leave L blank memory words between two consecutive arrays that are
accessed in an identical pattern in the loops. In other words, in the above example, array a begins at
0, array b begins at location: N L (instead of N) and array c begins at: 2N + 2L (instead of 2N).
This wiU ensure that the array elements are not mapped into the same cache line. We have:
f{a[i]) = (i mod C)/T
f {b[i]) —{(N + L + i) mod C)/X = (z mod C)/Z + 1
/(c[z]) = ((2iV + 2L + i) mod C)/L = {i mod C)/T + 2

This ensures that a[z],6[z], and c[i] are always mapped into different cache hnes, and their accesses
do not interfere with each other in the data cache.

A second strategyis to interleave the storage ofarrays a, b, and cin memory, sothat a[z], 6[z] and c[i]
are in consecutive memory locations. E.g., the assignment oflocations could be : a[0]-0; 6[0]-l; c[0]-
2;a[l] - 3;6[1] —4;c[l] —5;a[2] —7;...etc. This assignment of memory locations to arrays avoids the
cache conflicts in the previous example, but has the disadvantage of the extra computation involved
in calculating the physical address every time arrays a, 6, and c are accessed in the code. Instead of
f{a[i]) = i; /(6[z]) = N + i] and /(c[z]) = 2N+ i, we would now have f{a[i]) = 3i;f{b[i]) = 3i+ 1; and
/(c[z]) = 3z + 2. The multiplication by 3 is an extra overhead. ^

In the current work, we do not consider arrayinterleaving further, and our strategyfor minimizing
conflict misses during array accesses is based on the array relocation idea discussed earlier.

In Sections 4 and 5, we discuss the strategy we use for organizing scalars and arrays respectively
into memory, for reducing data cache conflicts.

4 Memory Organization of Scalar Variables

In considering the memory organization, we assume that the scheduling of the code has already been
performed, and the sequence of accesses to variables is fixed. The steps involved in organizing scalar
variables into memory are, in brief:

1. First obtain the sequence of access to variables in the code.

2. Build a Closeness Graph, representing the degrees of desirability for keeping sets of variables in
the same vicinity of main memory. E.g., L consecutive words in memory could be read into a
cache line on a single cache miss.

3. Group the variables into clusters of L words, where L is the cache line size.

4. Build an Interference Graph of the clusters, representing the non-desirability of mapping of
clusters into the same cache line (to avoid conflict misses).

5. Assign memory locations to clusters.

4.1 Extracting the Variable Access Sequence

We first build a data structure that represents the order in which variables are accessed. In the current
work, we do not differentiate between memory loads and stores, and represent an access to mean either

^Note, however, that optimization techniques such as strength reduction and induction variable e/imination [AhSU86]
can usually eliminate this overhead of multiplications, when they occur inside regular loops.



memory read or write. ^ We create a node in the access sequence, corresponding to every memory
access in the code. The node is named after the variable that is accessed.

For a sample basic block of code in Figure 2(a), the generated access sequence is shown in Fig
ure 2(b).

LOAD $1,a

LOAD $2, b

ADD $3, $1,$2

STORE c, $3

LOAD $4, d

SUB $4, $4, $2

STORE $4, e

(a)

— access a

~ access b

— access c

— access d

(b)

Figure 2: (a) Code Segment (b) Variable Access Sequence

In the presence of conditional statements and loops, we maintain the control structure of the basic
blocks intact, with the access sequence within each basic block derived as mentioned before. Figure 3
shows sections of the access sequences involving conditionals and loops.

./'x
I t
e d

9

t

h
c

i
U

(a) (b)

Figure 3: Variable Access Sequences for (a) Conditionals and (b) Loops

^In reality, this assumption ofsymmetrical penalties for reads and writes is accurate for a cache implementing fetch-
on-miss write policy. For other write policies, the penalty for read and write misses can be asymmetrical. E.g., for a
write-through cache with no-write-allocate and no-fetch-on-miss write policy, the cache is unaffected on a write miss,
and the only difference between write hit and miss is the extra cycles needed to write one data word into memory.
Nevetheless, there is an associated penalty, because the data needs to be re-fetched into cache if it is needed in the
immediate future. In summary, the actual penalty for read and write misses depends on the cache style, but we do not
differentiate between the two in this work - we attempt to minimize both types of misses, considering both types equally
important.



4.2 Constructing the Closeness Graph

We then construct a Closeness Graph of the variables, which represents the degree of desirability for
keeping sets ofvariables in the same vicinity in memory. E.g., if L words that areaccessed successively
from memory are placed in consecutive locations, a single memory read could bring themallinto cache,
thereby reducing upto L - 1 extra memory accesses caused due to compulsory cache misses.

We dehne the distance between two nodes u and v in the access sequence as follows: distance{u, v)
= number of distinct variable nodes encountered on a path from u to v, or u to u (including u and v).
E.g., in the access sequence: u-^a—^b-^a-^v, distance{u,v) = 4 (a is counted only once).

The following procedure describes the method of constructing the Closeness Graph [CO) with
vertex set V and edge set E. Let e(u, v) represent the (undirected) edge weight between nodes u and
V. We use the symbol x' to refer to a specific occurrence ofvariable x in the access sequence.

Procedure BuildClosenessGraph
Input: A - Access Sequence, M - Cache Line Size
Output: Closeness Graph CG

Create a node for every unique variable in A
Initialize e(ti, u) = 0 for aU u, v
For aU occurrences u' of variable u in A

For aU nodes v' in A such that distance{u', v') < M (the cache fine size)
e(«, v) —e(u, v) + k

end for

end for

end Procedure

In the above procedure, k is the number of times control is expected to flow between u' and v'.
E.g., if the code sequence in Figure 2(a) is expected to be executed once, then for the path 6 ^ d, we
have k = 1. For the example in Figure 3(a), we have k = 0.5 for the path a ^ e, where 0.5 is the
probabihty of the e-branch being taken. For the example in Figure 3(b), assuming the loop bound is
5, we have k = 5 for paths such as 6 -> c,6 ^ d, etc., and A; = 4 for paths such as d ^ 6, e 6, etc.
(the backward path e —>• a is taken only four times). ^ ^

Figure 4(b) shows the Closeness Graph derived from the access sequence in Figure 4(a), for the
case where M = 3 and the loop bound for the loop a e is 3. Edges x-y, x~a, y-b, d-f, e-g, etc.,
have weight = 1, because control passes between those pairs of nodes only once. Edges a~b, b-d, c-e,
etc., have weight = 3, because the loop is executed thrice. Edges e-a, e-b and d-a have weight = 2,
because the path e —>• a is taken 3 —1 = 2 times.

Essentially, the procedure attempts to identify clusters ofM scalarvariables whose memory accesses
are strongly correlated, so that they can possibly be placed in consecutive memory locations.

4.3 Grouping of Variables into Clusters

After constructing the Closeness Graph of the variables, the next step is to group the variables into
clusters of M words, where M is the number of words in a data cache line.

®Note that for paths a c,a —>• d,a —<• e, etc., we still have k = 1, since control is expected to pass from a to c,d
and e only once.

^The required values of kin case of conditionals and loops could be obtained by using profiling information. However,
in this work, we use the often-used simplifying assumption that branch probability is 0.5 for an !/-statement, and that
the loop bound is always known at compile time. Note also that if the access sequences in Figure 3 were enclosed in an
outer conditional or loop, the A:-values would be weighted appropriately.
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(a) (b)

Figure 4: (a) Access Sequence (b) Closeness Graph

Intuitively, a higher edge weight in the Closeness Graph between two variables u and v represents
a reduction in the number of memory accesses, if the two variables are stored close to each other, so
that both can be accessed into the cache with a single memory read. In other words, it identifies an
opportunity for avoiding compulsory misses in the data cache.

To maximize the sharing of the cache lines by closely correlated variables, wenowsolve the following
problem: Partition the nodes of the Closeness Graph CG (i.e., the set of variables) into clusters of
size M, so that the total weight of edges in all the clusters is maximized.

An exact solution to the above problem has a computational complexity of O(n^), where n is the
number of nodes in the Closeness Graph (i.e., no. of variables involved in memory accesses in the
code), since there are Cjlf(= 0{n^)) ways of choosing the clusters.

In most practical cache implementations, the line size M, usually varies between 1 and 16. Hence,
if the number of scalar variables is large, doing an exhaustive subset search of the Closeness Graph is
usually impractical for M > A.

We employ the following greedy heuristic to perform the grouping of variables into clusters of size
M.

Procedure FerformClustering
Input: CG(y,E): Closeness Graph; M: Cache Line Size
Output: Set F: Set of clusters of size M

For each vertex u in V, find the sum of incident edge weights S{u) = Yl,vev v)
Let X —vertex set V and Y = (f> — Y keeps track of variables that are
already assigned to clusters. X keeps track of those that are yet to be assigned
while {X ^ (j>) do

Let u —vertex u GX with maximum S{v)
Create new cluster C —{u}
while (size of cluster C ^ M) and {X </>) do

Let X be the variable £ X with maximum value for T,
where T = Y2uec,veX-c ~~ ^ the variable with
maximum sum of edge weights with nodes already in C

8

(i)

(ii)



c = cyj{x}
X = X-{x]

end while

Set e{u, v) = OV(u GC) or {v GC)
vertices in the cluster C just formed
Update S{v)'iv G X

end while

end Procedure

— i.e., delete all edges connecting to

Ci=[b, c, d]

\
(a)

Ci=[b, c,d]

C2= [f, a, e]

(c)

Figure 5: (a) Initial Closeness Graph (b) After forming first cluster Ci = [b, c,d] (c) Final Clusters

Figure 5(a) shows an example Closeness Graph. The numbers in brackets indicate the values of
S(u)for the corresponding node u. When procedure PerformClustering is applied on this graph, node
c is selected first (line i). Next, Hne (ii) causes nodes b and d to be selected into the first cluster Ci.
Nodes b,c,d, and all connecting edges are now deleted, which results in the graph in Figure 5(b).
Nodes a, e, and / constitute cluster C2. The final clustering is shown in Figure 5(c).

To analyze the computational complexity of procedure PerformClustering, we note that the inner
while loop eliminates one node every time it iterates, so it executes n times. In each iteration, it has
to consider the edges from the 0(M) nodes in the cluster C, to the 0{n) remaining in X, i.e., each
iteration takes 0{Mn) time. Similarly, the updating of S{v) values requires 0{n) time for each vertex
deleted. Since a total of n vertices are considered, the total complexity of the procedure is 0{Mn^).

4.4 Building the Interference Graph of Clusters

After grouping the variables into clusters of size M, we build an Interference Graph of the clusters,
which represents the desirability to store clusters in memory, so that they do NOT map into the same
cache line.

Each node in the Interference Graph represents one cluster of variables obtained in Section 4.3. A
high edge weight between two nodes indicates a large number of conflict misses in the data cache, if
the respective clusters were to map into the same cache line.

In the procedure for building the Interference Graph {IG) described below, we identify the clusters
that should NOT map into the same cache line by assigning high edge weights to the edges between
them.

Procedure BuildlnterferenceGraph
Input: A - Variable Access Sequence; F - Set of Clusters
Output: IG - Cluster Interference Graph



1. Convert the Variable Access Sequence A into a Cluster Access Sequence by renaming each node
u in the sequence by the cluster C, where u £ C.

2. Create a node in IG for each cluster in F.

3. Assign edge weight e(u,v) between nodes u and v = the number of times the access to clusters
u and V alternate along the execution path.

end Procedure

Clusters: x [a,d] y[b,c] z[e]

a X

! I
b y

I I
c y

i I
d X

I i

(a) (b) (c)
Figure 6: (a) Variable Access Sequence (b) Cluster Access Sequence (c) Cluster Interference Graph

Figure 6(b) shows the Cluster Access Sequence derived from the Variable Access Sequence shown
in Figure 6(a), for M = 2. ®

In Figure 6(b), the pair of nodes x and y alternate twice in the execution path, due to the edges
X y and y x edges. Hence, we have e(x,y) = 2 in the Interference graph in Figure 6(c). The
composition rules to be followed for conditionals and loops are identical to those used for building the
Variable Access Sequence (Section 4.2).

4.5 Assignment of Memory Locations to Clusters

The final assignment of variables to memory locations should take into account the clustering and
conflict-penalty information in the Interference Graph. To minimize the conflict misses in the data
cache during code execution, we need to ensure that cluster pairs with large edge weights do not map
to the same cache fine when we assign memory locations.

We define the cost of a memory assignment as follows:

cost{IG)= ^ e{x,y) XP{x,y)
x,yeV{IG)

where e(x,y) is the edge weight, and

®Note that this clustering is for illustrative purposes only. Ifa—•i^c-+£Z-»e—» were the only execution chain in
the program, a better clustering is x ; {a,b),y : {c,d),z : (e).

10



pf . _ j 1 if memory locations for x and y map into the same cache line
I Q otherwise

4

(a)

Conflicting Pairs

Memory

Cost

Cache

(b)

a, e 1

b,f 3

Totai Cost = 13 = 4

(c)

Figure 7: (a) Interference Graph (b) Memory Assignmet (c) Cost of Assignment

Figure 7(b) shows a sample memory assignment for an IG with six clusters (Figure 7(a)), on a
cache with four lines. We note that cluster pairs (a, e) and (6,/) map into the same cache lines in
a direct-mapped cache, where the cache line address is computed for memory location i, using the
equation: line = i mod 4. The cost of the assignment (Figure 7(c)) is computed to be 1 + 3 = 4, from
the edge weights e(a, e) = 1 and e{b, /) = 3 for the two conflicting cluster pairs.

In order to minimize conflict misses, we need to solve the following problem: Find an assignment
of clusters in IG to memory locations, such that cost(IG) is minimized.

Cluster Assignment Problem is NP-Hard

The problem of assigning clusters in the IG to memory locations can be shown to be NP-hard, by
showing a reduction from the Graph Colouring problem. The Graph Colouring problem can be stated
as follows: is a given graph G(V,E) fc-colourable? i.e., does there exist a colouring of vertices that
uses < k colours, in which no two adjacent vertices of G are assigned the same colour?

Proof of NP-Hardness: Consider an instance of the Graph Colouring problem, where we are given
a graph G{V, E) where edge weights e(u,u) = 1 or 0, representing the presence or absence of an edge
{u,v). The problem is to determine whether this graph is A;-colourable. This problem is known to be
NP-Complete [GaJo79].

Now, if we had an optimal polynomial time algorithm A to solve the Cluster Assignment problem,
we could interpret the same graph G as an Interference Graph - the input to algorithm A, where k is
the number of cache lines. Let the cost of the optimal assignment computed by A for this graph be
T. We can now arrive at the decision for A:-colourability of G as foUows:

If r = 0, then G is A;-colourable, else G is not A;-colourable. This foUows from the equivalence
between "two nodes being assigned the same colouring in G", and "two clusters being assigned the

11



same cache line in /G". Cost T = 0 for the memory assignment for IG indicates an assignment, where
no two nodes x and y such that e{x,y) > 0 are mapped into the same cache line. This is equivalent
to no two adjacent nodes being assigned the same colour in the fc-colourability problem for graph G.

In other words, if we had a polynomial-time algorithm to solve the Cluster Assignment problem
optimally, we could also solve the Graph Colourability problem in polynomial time. Since the Graph
Colourability problem is known to be NP-Complete, we have thus established the NP-hardness of the
Cluster Assignment problem (i.e., it is at least as hard as an NP-Complete problem).

We present below a greedy heuristic to solve the Cluster Assignment problem for a cache of size k
that works along the same lines as the PerformClustering procedure.

We proceed to make the memory assignments page by page, where a page consists of k cache Unes
- the size of the data cache. Note that k consecutive clusters in memory wiU never conflict in cache,
since, for the set of addresses x = A, A+ 1, A+ 2,..., A-f A; —1, the cache mapping function y = x mod k
wiU always return distinct values.

We deflne the cost of assigning cluster u to cache line i as cost(u,i) = J2veX '*^)i where X is the
set of clusters that have already been assigned to cache line i. This cost is the sum of edge weights of
u with aU nodes that are already assigned to map into cache line i.

Procedure AssignClusters
Input: IG[y, E) - Cluster Interference Graph
Output: Assignment of Clusters to Memory Locations

Sort the vertices of /G in descending order of S{u) -— the sum of edge weights
incident on vertex u

Let X be this sorted list of vertices

while (X ^ (f>) do
Create new page P in memory
while (size of page P < k) and {X ^ 4>) do

u = head of list X

Assign u to line i of page P, where cost(u, i) is minimum
over I = 0 ... A; — 1

Delete u from X

end while

end while

end Procedure

For the example IG in Figure 7(a), the page size is A; = 4 lines. When we apply procedure
AssignClusters on this example, we first sort the vertices in decreasing order of the sum of their
incident edge weights: /(13), c(ll), e(9), 6(8),a(6) and d(5). Clusters /, c, e, and b are placed into the
first page Pq. While attempting to assign a into the second page Pi, we find: cost(a, 0) = 2 (since
e(a, f) —2), cost(a,l) = 1, cost(a, 2) = 1, and cost(a, 3) = 1. Thus, we choose a line within page Pi
that minimizes the cost, and assign a to line 1. Cluster d has: cost(d, i) = 1 for aU i, so we assign line
0 of Pi to d. The final assignment is: Pq: (0 —/; 1 —c;2 —e;3 —6) and Pi: (0 —d; 1 —a).

To analyze the complexity of procedure AssignClusters, we note that the inner loop eliminates one
node in each iteration, so it runs for a total of n iterations (where n is the number of clusters in the
graph). Computation of the costs takes 0{n) time in this loop. Hence, the total complexity of the
algorithm is G(n^).

At the end of this step, we have an assignment of all the scalar variables in the code to memory
locations, that would minimize the compulsory and conflict misses in the data cache when they are
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accessed during program execution.

5 Memory Organization for Array Variables

In Section 4, we addressed the problem of memory location assignment for scalar variables, with the
objective of minimizing compulsory and conflict misses in the data cache. In this section, we address
the problem of organizing array variables into memory, with the intent of minimizing data cache
conflict misses when the arrays are accessed at run time.

Since accesses to arrays usually take place inside loops, we focus our attention on the loops while
addressing the memory organization issue for arrays. In the current work, we limit the scope to array
accesses in the innermost loops in the behavior, since most of the computation tends to occur in these
sections of the code. Consequently, the impact of cache hit ratios is maximum here.

We solve the memory organization problem for arrays by first constructing the Interference Graph
among arrays in the code, and then assigning memory addresses to each array by minimizing the
possibility of cache conflicts with other arrays in the code. ®

5.1 Constructing the Interference Graph

In the case of arrays, we note that if two arrays A and B are accessed repeatedly within a loop,
then there is a possibility that the accesses to A and B might cause conflict misses in the data
cache (Section 3). The Interference Graph (IG) of arrays we build, represents the possibility of cache
conflicts between the arrays in the code.

We first create a node for each array in the specification. Next, we determine the arrays that are
repeatedly accessed in each loop, and add the loop bound L to the edge weights between each pair of
arrays. This signifies that a total of L cache conflicts could possibly arise between each pair of arrays
during execution of this loop. The resulting IG gives us a criterion to prioritize the order in which we
assign memory addresses to arrays. Procedure BuildArraylG below lists the steps.

Procedure BuildArraylG
Input: Code with array accesses
Output: Interference Graph IG of arrays

Create a node u for every array u in the code
Initialize edge weights e(u, v) = 0 for aU u, u
for all (innermost) loops I in the code do

Let L be the loop bound of loop I
Let X — set of all arrays accessed in I
Update e(u, v) = e(u, v) + L for all u,v E X

end for

end Procedure

The complexity of procedure BuildArraylG is 0{Ln'^), where L is the number of loops, and n is
the number of arrays in the code.

In Figure 8(b), we show the Interference Graph derived from the code shown in Figure 8(a). The
first loop causes e(a,6) = 7. Subsequently, the second loop adds 15 to e(a,6), e(a,c), and e(6, c).

The IG helps identify the order in which the memory address assignment to arrays should be done.

®The problem ofclustering ofvariables to avoid compulsory misses isnot relevant in thecase ofarrays, as most arrays
are usually much larger than a cache line - often much larger than the size of the cache itself.
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iht a[16],b[16],c[16];

for I = 0 to 7

a[q = b[i+3] + 3;

forj = 0to15

a[i] = b[i]*c[i]

(a) (b)

Figure 8: (a) Code showing arrays accessed in loops (b) Interference Graph

5.2 Memory Assignment to Arrayed Variables

In solving the problem of memory assignment of arrayed variables, we make the assumption that the
loop bounds and array dimensions are known at compile time. We also assume that a unidimensional
array of N elements is stored in N consecutive memory locations, and multidimensional arrays are
stored in row-major format [AhSU86]. The memory assignment problem is NP-hard, because the
degenerate case, when the array dimension = 1, itself happens to be NP-hard (Section 4.5).

From the Interference Graph, we use the S(u) values for each node u (the sum of incident edge
weights on node u (Section 4.3)) to determine the order of assignment of arrays. S{u) signifies the
relative importance of the nodes, because a higher S{u) indicates that u could possibly be involved in
many cache conflicts.

Central to the technique we use for memory assignment of arrays, is a computation of the cost of
assigning an array (u) to begin at a specific memory address A. This cost is equal to the expected
number of cache conflicts with all arrays that have already been assigned, if u were to begin at A.
Note that if the first element of u is fixed at address A, aU the other elements of u are automatically
assigned their respective locations.

To determine whether two specific accesses to two arrays in the same loop wiU map into the same
cache line (i.e, cause cache conflict miss), we perform a symbolic evaluation of the equality checking
function. Two memory locations X and Y wiU map into the same cache line in a direct-mapped cache
with k lines, each line being M words wide, if the condition:

mod k = 0
X Y

.M. M,

i.e., ([X/MJ —[Y/M\) is an integral multiple of k, which resolves to:

(nk-1) <^ <(nk +l) (1)
where n is any integer.

Figure 9(a) shows a sample code, for which the array access pattern (in the i-th iteration) is shown
in Figure 9(b). In the general case, for an array W starting at location T, W[i] is located at address:
T + i. Let us attempt to arrive at a memory assignment for array B, by first assuming that A begins
at address 0, and the parameters for the cache are: M = 4,k —4.

We first attempt to place B at address 16 (since A and B are arrays of 16 words each, and A begins
at 0). Specifically, let us determine whether B[i+ 1] and A[f-l-3] map into the same cache line. A[i-h3]
is located at address: (i + 3) and B[i -f 1] is located at address: 16 -1- f -|-1 = 17 -f i. To check whether
Condition (1) is satisfied, we note that: (X-Y)/M = ((17+ i) - (i + 3)) = 14/4 = 3.5, which satisfies
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A B

int A[16], B[16]; ; i

for i = 0 to 12 i+1 i+1

A[i] = A[i + 2] + A[i + 3] i+2 1+2

+ B[i + 1] + B[i + 2]; i+3 1+3

(a) (b)

Mapping Conflict

A—

A—*-0

A—»-0

A—*-0

B'

B-

B-

B-

-16

-17

-18

-19

(c)

Yes

Yes

Yes

No

Figure 9: (a) Sample Code(b) Accessed Array Elements (c) Conflicts during assignment to B

Condition 1 for n = 1, as we have: 4 - 1 < 3.5 < 4 + 1. Thus, A[i + 3] and B[i + 1] would conflict
in cache. Similarly, we notice conflicts for assigning addresses 17 and 18 to B. However, address 19
does not entail any cache line conflicts between elements of A and B accessed in the same iteration
(Figure 9(c)). Thus, we assign address 19 to B. The three locations 16, 17, and 18, could either be
left blank, or occupied by scalar variables.

Clearly, the symbohcaUy evaluated expression: {X-Y)/M, might not always reduce to a constant,
because X and Y could be arbitrary functions of any variable in the code. If the expression does not
resolve to a constant, then we conclude that the two arrays do not conflict.

We now formahze the strategy we presented in the example above into a procedure to perform the
memory assignment of arrays. We flrst describe the cost function AssignmentCost that returns the
expected number of conflicts when an array is tentatively assigned a specific location.

Function AssignmentCost
Input: u - array under test; A - proposed start address;

Access Sequence; Array assignments already completed; IG - Interference Graph
Returns: Expected number of cache conflicts for this assignment Initialize cost = 0

for aU vi\e{vi,u) 7^ 0, vi already assigned — i.e., all assigned arrays that have
an edge with u in IG

for each loop (bound L) in which accesses to vi and u occur
w = no. of times control would alternate between elements of vi and u
that map into the same cache line. (i)
cost = cost + w X L

end for

end for

return cost

end Function

In line (i) above, the numberof times controlalternates between vi and u is determinedby Condition
( 1). u; represents the the number of cache misses in the loop due to conflict between u; and u - this
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is determined from the Access Sequence. The procedure AssignArrayAddresses below outhnes the
strategy for determining the addresses for each array.

Procedure AssignArrayAddresses
Input: IG - Interference Graph, k - no. of cache lines
Output; Assignment of addresses to aU arrays (nodes in IG)

Address A = 0

Sort nodes in IG in decreasing order of S{u) (sum of incident edge weights)
Let the list of nodes be: uq ... Vn-\
for i = 0 ... n — 1

Initialize cost c = oo

min = 0 keeps track of cache line with minimum mapping cost
for j = 0 .. .k —1

if AssignmentCost{vi, A + j) < c then
c = AssignmentCost(vi, Aj)
min = j

end if

end for

Assign address (A + min) to first element of Vi
A = A + min+ size{vi) — updating A for next iteration

end for

end Procedure

The worst case complexity of procedure AssignArrayAddresses could be 0(nkP), where n is the
no. of nodes (arrays), k is the no. of cache lines and P is the total number of array accesses in the
code. However, in real behaviors, we have observed that the loop j = 0.. .k —1 tends to converge
very soon (typically less than 2 or 3 iterations), because the number of different array elements that
are accessed in inner loops of code is usually small and finite.

This completes the memory address assignment of scalar and arrayed variables in the behavior.

6 Experiments and Results

In this section, we describe the experiments we performed on several benchmark examples to validate
our memory organization. For our experiments, we used the CW4001 simulator kit from LSI Logic,
that simulates code and reports performance statistics of code generated for execution on LSI Logic's
CW4001 embedded processor. The specific performance statistics of interest for our experiments were
the cache hit ratios and the total number of processor cycles needed for execution of the code on the
embedded processor.

Table 1 presents a summary of the differences in performance we observed when we compared the
code that incorporated our memory organization technique with a straightforward memory organiza
tion that laid data out without regard to the cache parameters. AU the examples were executed on
the CW4001, with 4KB instruction cache and a 1 KB data cache. The readand write latencies (the
number of processor cycles required to access an external memory word) was assumed to be 5 (for
an access from/to a diflferent memory page) and 2 (for an access from/to the same memory page).

'̂ Note that the cache sizes, as well as the read and write latencies, could be modified and our experiments could be
run for different parameters.
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These values are generally among the lowest possible (i.e., for the fastest memories). Since the per
formance difference widens even more for higher penalties (higher access times), the improvements we
have shown are the minimum possible. A Write Buffer [PaHe94] of size 4 words was used in the data
cache, which was configured to be a direct mapped, write-through cache emplyong no-fetch-on-write,
no-write-allocate write miss policy, with a cache line of size 4 words.

Benchmark

Data Cache Hit Ratio (%) Total ^Cycles
Unoptimized Optimized Unoptimized Optimized Decrease (%)

SOR 17.2 52.2 24326 20434 16.0

Laplace 95.8 95.8 11622 11622 0.0

GSR 81.2 81.2 32379 32379 0.0

dequant 38.3 82.4 7285 6253 14.2

FFT 2.4 23.7 66412 61486 7.4

idct 28.3 56.8 22951 20206 12.0

leaf.comp 27.7 76.9 5405 4781 11.5

leaf_plus 27.7 76.9 5389 4381 18.7

matrix_add 9.3 75.6 11528 7496 35.0

hist_flat 76.2 76.2 6390 6390 0.0

hydro 21.3 79.7 58017 38117 34.3

inner_product 7.0 75.2 31863 21783 31.6

tri_diagonal_elim 2.7 75.0 38540 23815 38.2

linear_recurrence_l 50.6 65.7 100532 99069 1.5

eqn_of_state 64.0 91.2 93462 91476 2.1

ADIJntegration 53.4 61.6 60558 57770 4.6

2D_PIC 60.2 79.7 26452 20692 21.8

1D_PIC 19.6 81.4 89328 47575 46.7

c_f 25.3 90.1 225612 156870 30.5

implicit_cond 2.7 74.6 46362 36862 20.5

2D_hydro 17.4 64.1 521271 267747 48.6

genJinear.recurrence 2.1 80.6 51681 40394 21.8

ordinates.transport 8.8 79.4 121451 83168 31.5

matrixjnultiply 42.7 49.5 841110 845950 -0.6

planckian 2.7 75.2 48470 33590 30.7

2D implicit.hydro 8.1 64.3 150587 105847 29.7

Average 30.5 72.5 19.5

Table 1: Summary of Results

Column 1 of Table 1 shows the example designs for which we performed our experiments. AU
the examples are benchmark code kernels used in image processing, telecommunication, and other
applications in the DSP and scientific domain. GSR, Laplace and SOR are C-implementations of
algorithms frequently used in DSP applications such as image processing. Dequant, leafjplus and
leaf^comp are modules from the MPEG decoder application. Idct is the Inverse Discrete Cosine
Transform routine, used in many DSP applications including the MPEG. FFT is the Fast Fourier
Transform routine, also popular in the DSP domain. Matrix-add, matrix-multiply, innerjproduct and
tri-diagonaLelim are frequently used in routines involving two dimensional arrays treated as matri
ces. Hydro, linear-recurrence-1, eqn-ofstate, ADLintegration, 2D-FIC, ID-PIC, c-f, implicit-cond.
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2D-hydro, genJinear^recurrence-1, ordinatesJ.ransport, planckian, and 2DJmplicit-hydro are other
code kernels of typical scientific applica,tions, all of which form part of the Livermore Loops set of
benchmark suite.

The second and third columns in Table 1 show a comparison between the data cache hit ratios for
the Unoptimized and Optimizedmemory organizations, i.e., for the straightforward organization, and
our technique respectively. In almost aU the examples, we notice that the difference in the hit ratios
is substantial. On an average, we notice a difference of 42 % in the data cache hit ratios.

Columns 4 and 5 of Table 1 show the total number of processor cycles required to execute each
benchmark example on the CW4001 embedded processor. There is a significant reduction in the
total cycle time for most of the applications (Column 6). The total cycle time reduced an average of
19.5% over aU the examples. The reason why the percentage difference tends to be lower than the
data cache hit ratios is that, the total execution time also factors in all the other determinants of
program execution speed, most notably, the instruction cache. The instruction cache has an identical
performance in both the optimized and unoptimized cases, since in this work, we have concentrated
on the performance of the data cache alone.

7 Conclusions and Future Work

Code generation for embedded processors reveals the scope for many optimizations that have been
hitherto unaddressed in traditional compilers. An important feature that can be exploited while
generating code for embedded processors is the parameters of the data cache. In this report, we have
demonstrated how a careful data layout strategy that takes into account the parameters of the data
cache, such as cache line size and cache size, could induce significant performance improvements in
the execution of embedded code.

We described techniques for clustering variables to minimize compulsory cache misses, and for
solving the memory assignment problem with the objective of minimizing conflict cache misses.

The experiments we performed on standard benchmark code kernels from the DSP and scientific
domains, indicate that significant performance improvements result from our memory assignment
techniques. We noticed an average improvement of 42% in the data cache hit ratios for the bench
mark examples for which we generated code that was executed on the simulator kit for the CW4001
embedded processor core from LSI Logic.

In the future, we plan to integrate our memory assignment techniques with reordering of the
memory accesses in the code. Reordering holds out the possibility of obtaining further improvements
in performance through reduction in both compulsory and conflict misses in the data cache.
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