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In this research we propose a highly predictable, low overhead and yet dynamic, memory allocation strategy
for embedded systems with scratch-pad memory. A scratch-pad is a fast compiler-managed SRAM memory
that replaces the hardware-managed cache. It is motivated by its better real-time guarantees vs cache and by
its significantly lower overheads in energy consumption, area and overall runtime, even with asimple allocation
scheme.

Scratch-pad alocation primarily methods are of two types. First, software-caching schemes emulate the work-
ings of a hardware cache in software. Instructions are inserted before each load/store to check the software-
maintained cache tags. Such methods incur large overheads in runtime, code size, energy consumption and
SRAM space for tags and deliver poor real-time guarantees just like hardware caches. A second category of
agorithms partitions variables at compile-time into the two banks. However, adrawback of such static allocation
schemes is that they do not account for dynamic program behavior. It is easy to see why a data allocation that
never changes at runtime cannot achieve the full locality benefits of a cache.

We propose a dynamic allocation methodology for global and stack data and program code that, (i) accounts
for changing program requirements at runtime (ii) has no software-caching tags (iii) requires no run-time checks
(iv) has extremely low overheads, and (v) yields 100% predictable memory access times. In this method data
that is about to be accessed frequently is copied into the scratch-pad using compiler-inserted code at fixed and
infrequent pointsin the program. Earlier datais evicted if necessary. When compared to a provably optimal static
alocation, results show that our scheme reduces runtime by up to 39.8% and energy by up to 31.3% on average
for our benchmarks, depending on the SRAM size used. The actua gain depends on the SRAM size, but our
results show that close to the maximum benefit in run-time and energy is achieved for a substantial range of small
SRAM sizes commonly found in embedded systems. Our comparison with a direct mapped cache shows that our
method performs roughly aswell as a cached architecture.

Categories and Subject Descriptors: B.3.2[Memory Structures]: Design Styles—Primary Memory; C.3[Special-
Purpose And Application-Based Systems]: Real-time and Embedded Systems; D.3.4 [Programming Lan-
guages]: Processors—Compilers

General Terms: Performance

Additional Key Words and Phrases: Memory Allocation, Scratch-Pad, Compiler, Embedded Sys-
tems, Software managed cache, Software caching

1. INTRODUCTION

Memory systems generally are organized using a variety of devices which serve different
purposes. Devices like SRAM and ROM are fast but expensive. On the other hand devices
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like DRAM and tape drives are slower but being cheaper can be used to provide capacity.
Designing a memory system therefore involves using small amounts of faster devices like
SRAM along with dower devices like DRAM to obtain satisfactory performance while
keeping a check on the overall dollar cost.

In desktops, the usual approach to adding SRAM isto configureit as a hardware cache.
The cache dynamically stores a subset of the frequently used data. Caches have been a
big success for desktops, atrend that is likely to continue in the future. Using non-cached
SRAM or scratch-padsis usually not feasible for desktops; onereasonisthelack of binary-
code portability. Scratch-pad code is not portable across different sizes of scratch-pad
because all existing compile-time methods for data® allocation to scratch-pad (including
the method in this paper) requirethat the scratch-pad size be known; otherwise they cannot
reason about what variableswill fit in the scratch-pad. This contrasts with cache allocation
which is decided only at run-time; and hence does not require compile-time knowledge
of the size of cache. Binary portability is valuable for desktops, where independently
distributed binaries must work on any cache size. However, in embedded systems, software
is configured along with the hardware in the factory and rarely changes thereafter. So
embedded system designers can afford to customize the SRAM to a particular size to reap
the additional cost savings from customization.

For embedded systems, the serious overheads of caches are less defensible. An alter-
native that is instead prevalent is to use compiler managed SRAM or scratch-pad. Studies
[Banakar et a. 2002] have shown that scratch-pad’s use 34% lesser area, consume 40%
lower power than a cache of the same capacity. These savings are significant since the on-
chip cache typically consumes 25-50% of the processor’s area and energy consumption, a
fraction that is increasing with time [Banakar et a. 2002]. Given the power, cost, perfor-
mance and real time advantages of scratch-pad, it is not surprising that scratch-pads are
the most common form of SRAM in embedded CPUs today. Some examples of processors
with scratch-pad memory are intel |XP network processor, ARMv6, IBM 440 and 405,
Motorola’'s MCORE and 6812 and Tl TMS-370. Trends in recent embedded designs indi-
cate that the dominance of scratch-pad will likely consolidate further in the future [Banakar
et al. 2002] [Lctes Panel 2003].

Although many embedded processors with scratch-pad exist, using the scratch-pad ef-
fectively has been a challenge. Central to the effectiveness of caches is their ability to
maintain, at each time during program execution, the subset of datathat is frequently used
at that time in the fast memory. The contents of cache constantly change during runtimeto
reflect the changing working set of data acrosstime. Unfortunately, two of the existing al-
location approaches for scratch-pad — program annotations and the recent compiler-driven
approaches [Avissar et a. 2001; 2002; Sodin and Platen 2001] — are static allocators, i.e.
they do not change the contents of scratch-pad at runtime. This is a serious limitation.
For example, consider the following thought experiment. Let a program consist of three
successive loops, the first of which makes repeated referencesto array A; the second to B;
and the third to C. If only one of the three arrays can fit within the scratch-pad, then any
static allocation suffers DRAM accesses for two out of three loops. In contrast, a dynamic
strategy can fit all three arraysin the scratch-pad at different times. Although this example
is oversimplified, it intuitively illustrates the benefits of dynamic allocation.

This research presents a new compiler method for allocating three types of program ob-

1\We use the terms data and program objects to broadly refer to both program code and program data
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jects — global variables, stack variables and program code — to scratch-pad that is able to
change the allocation at runtime and avoid the overheads of runtime methods. A prelim-
inary version of our method published in [Udayakumaran and Barua 2003] was the first
such method to allocate global and stack data using whole program analysis. Our method
(i) accounts for changing program requirements at runtime; (ii) has no tags like used by
runtime methods; (iii) requires no run-time checks per |oad/store; (iv) has extremely low
overheads; and (v) yields 100% predictable memory access times.

Our method is outlined as follows. The compiler analyzes the program to identify loca-
tions we call program points where it may be beneficia to insert code to copy a variable
from DRAM into the scratch-pad. It is beneficia to copy a variable into scratch-pad if
the latency gain from having it in scratch-pad rather than DRAM is greater than the cost
of its transfer. A profile-driven cost model estimates these benefits and costs. The com-
piler ensures that the program data all ocated to scratch-pad fits at all times by occasionally
evicting existing variables in scratch-pad to make space for incoming variables. In other
words, just like in a cache, datais moved back and forth between DRAM and scratch-pad,
but under compiler control, and with no additional overhead.

Key components of our method are as follows. (i) To reason about the contents of
scratch-pad across time, it helps to attach a concept of time to the above-defined program
points. Towards this end, we introduce a new data structure called the Data-Program
Relationship Graph (DPRG) which associates atimestamp with each program point. Asfar
aswe know, thisis the first time that a static data structure to represent program execution
time has been defined. (ii) A detailed cost model is presented to estimate the runtime
cost of any proposed data transfer at a program point. (iii) A compile-time heuristic is
presented that uses the cost model to decide which transfers minimize the runtime. The
well-known dataflow concept of liveness analysis [Appel and Ginsburg 1998] is used to
eliminate unnecessary transfers — provably dead variables? are not copied back to DRAM;
nor are newly alive variablesin thisregion copiedin from DRAM to SRAM 3. In programs,
where the final results (only global) need to be left in the memory itself, this optimization
can be turned off in which case the benefits would be reduced.* This optimizations also
needs to be turned off for segments shared between tasks.

We observe three desirable features of our algorithm. (i) No additional transfers beyond
those required by a caching strategy are done. (ii) Data that is accessed only once is not
brought into the scratch-pad, unlike in caches, where the data is cached and potentially
useful data evicted. Thisis particularly beneficial for streaming multimedia codes where
use-once datais common. (iii) Data that the compiler knows to be dead is not written out
to DRAM upon eviction, unlike in a cache, where the caching mechanism writes out all
evicted data.

2In compiler terminology a variable is dead at a point in the program if the value in it is not used beyond this
point, although the space could be. A dead variable becomes live later if it is written to with subsequently used
data. Asaspecia caseit isworth noting that every un-initialized variable is dead at the beginning of the program.
It becomes live only when written to first. Further, a variable may have more than one live range separated by
times when it is dead.

30ur current implementation only does dataflow analysis for scalars and asimple form of array dataflow analysis
that can prove arrays to be dead only if they are never used again. If more-complex array dataflow analysis is
included then our results can only get better.

4Such programs are likely to be rare. Typically data in embedded systems is used in atime critical manner. If
persistent dataisrequired, it is usually written into files or logging devices.
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Our method is clearly profile-dependent; that is, its improvements are dependent upon
how representative the profile data set really is. Indeed, all existing scratch-pad alloca-
tion methods, whether compiler-derived or programmer-specified, are inherently profile-
dependent. This cannot be avoided since they all need to predict which data will be fre-
quently used. Further our method does not require the profile data to be like the actual data
in al respects — so long as the relative re-use trends between variables are similar in the
profile and actual data, good allocation decisions will be made, even if the re-use factors
arenot identical. A regionsgain may even be higher with non-profiledataiif its datare-use
is more than in the profile data.

Real-time guarantees Not only does our method improve run-time and energy consump-
tion, it also improves the real-time guarantees of embedded code. To understand why,
consider that the worst-case memory latency is a component of the worst-case execution
time. Our method like all compiler-decided allocation methods, guaranteesthat the latency
of each memory instruction is known for sure. This trandates into total predictability of
memory system behavior, thus immensely aiding in obtaining a better WCET. Such real
time benefits of scratch-pad have been observed before too. [Wehmeyer and Marwedel
2004]

Program Code We also separately show how our method can also easily be extended
to allocate program code objects. Although, code objects are accessed more heavily than
data objects (one fetch per instruction), dynamic schemes like ours are not likely to be
applicable in all cases. One, compared to data caches use of instruction caches is much
more feasible due to their effectiveness with much smaller sizes. So it is not uncommon
to find use of instruction caches (but not data caches) especially in high end embedded
systems like motorola’'s STARCORE, MFC5xx and 68HC. Two, for low and medium end
embedded systems code is typically stored in ROM/flash. An example of such a system
is motorola’'s MPC500. Unlike DRAM devices, ROM/flash devices have lower seek times
(in the order of 75ns-120ns, 20 nsin burst/page mode) and power consumption. For low
end embedded systems, this would mean an access latency of acycle or two. For such low
end embedded systems using ROM/Flash where cost is also a lot more important factor,
speeding up accesses to code objects as compared to accesses to data objectsin dramis not
very attractive. Nevertheless, for high end systems which store code in ROM/flash such
as the motorola MCORE and motorola 6812, methods to speed up accesses to code can
improve performance immensely. Our proposed extension for handling code would thus
enable our dynamic method to be used for speeding up code accesses in such systems.

Heap data Our method does not allocate heap data in the program to the scratch-pad.
Programs with heap data still work, however — al heap data is alocated to DRAM and
the global stack and program code can still use the scratch-pad using our method, but
no SRAM acceleration is obtained for heaps. Heap data is difficult to allocate to the
scratch-pad at compile-time because the total amount and lifetime of heap data is of-
ten data-dependent and therefore unknowable at compile-time. Software caching strate-
gies [Hallnor and Reinhardt 2000; Moritz et al. 2000] can be used for heap, but they have
significant overheads. We have separately developed the first compile-time method for
allocating heap data to scratch pad [Dominguez et a. 2005]. For this reason, we do not
consider heap data any further in this paper.

Impact If adopted, the impact of this work will be a significant improvement in the cost,
energy consumption, and runtime of embedded systems. Our results show up to 39.8%
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reduction in run-time for our method for global and stack data and code vs. the optimal
static alocation method in [Avissar et al. 2002] also extended for code. With hardware
support for DMA, present in some commercial systems, the runtime gain increases to up
to 42.3% respectively. The actual gain depends onthe SRAM size, but our results show that
close to the maximum benefit in run-time and energy is achieved for a substantial range
of small SRAM sizes commonly found in embedded systems. Using an accurate power
simulator, our method also shows up to 31.3% reduction in energy consumption vs. an
optimal static allocation. The details of our power simulator and results are provided in the
section 7. Our method does incur some code-size increase due to the inserted transfers;
the code size increase averages a modest 1.9% for our benchmarks compared to the un-
modified original code for a uniform memory abstraction; such as for a machine without
scratch-pad memory.

Therest of the paper is organized as follows. Section 2 overviews the method for global
and stack data, and proposes a new DPRG data structure. Section 3 describes the precise
method used to determine the memory transfers of global and stack variables at each pro-
gram point. Section 4 extends the algorithm for allocating procedure objects. Section 5
describes some details needed to make the algorithm work correctly in all cases. Sec-
tion 6 describes the layout of variables in scratch-pad and the process of code generation.
Section 7 presents an evaluation of our methodology. Section 8 overviews related work.
Section 9 concludes.

2. METHOD OVERVIEW AND DATA STRUCTURES USED

Our dynamic memory allocation method for program objects such as code, stack and global
variables takes the following approach. At compile-time, the method inserts code into the
application to copy program objectsfrom DRAM into the scratch-pad whenever it expects
them to be used frequently thereafter, as predicted by previously collected profile data.
Program objects in the scratch-pad may be evicted by copying them back to the DRAM
to make room for new variables. Like in caching, all data is retained in DRAM at al
times even when the latest copy is in the scratch-pad. Unlike software caching, since the
compiler knows exactly where each program object is at each program point, no runtime
checks are needed to find the location of any given variable. We show in [Udayakumaran
and Barua 2003] that the number of possible dynamic allocationsis exponential in both the
number of instructions and the number of variablesin the program. The problem is almost
certainly NP-complete, though we have not attempted to formally provethis.

Lacking an optimal solution, aheuristicis used. Our cost-model driven greedy heuristic
has three steps. First, it partitions the program into regions where the start of each region
is aprogram point. Changesin allocation are made only at program points by compiler-
inserted code that copies data between the scratch-pad and DRAM. The alocation is fixed
within a region. The choice of regions is discussed in the next paragraph. Second, the
method associates a timestamp with every program point such that (i) the timestamps form
a partial order; and (ii) the program points are reached during runtime roughly in times-
tamp order. In genera, it is not possible to assign timestamps with this property for all
programs. Later in this section, however, we show a method that by restricting the set
of program points and allowing multiple timestamps per program point, is able to define
timestamps for al programs. Third, memory transfers are determined for each program
point, in timestamp order, by using the cost-driven algorithm in section 3.
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main () {
if (...) {proc-D()} ese {...}
proc-A()
proc-B()

proc-A () {
proc-C()

Crec
proc-B () { 3 6 3lese |4 9,13@10,14 1516
proc-C()
@D
proc-C() { X =...}
procD(){...}

while(...){Y=...}
Fig. 1. Example showing (a) a program outline; and (b) its DPRG showing nodes, edges & times-
tamps.
2.1 Deriving regions and timestamps

The choice of program points and therefore regions, is critical to our algorithm’s success.
Regions are the code between successive program points. Promising program pointsare (i)
those after which the program has a significant change in locality behavior, and (ii) those
whose dynamic frequency is less than the frequency of its following region, so that the
cost of copying into the scratch-pad can be recouped by data re-use from scratch-padin the
region. For example, sitesjust before the start of |oops are promising program points since
they are infrequently executed compared to the insides of loops. Moreover, the loop often
re-uses data, justifying the cost of copying into scratch-pad. With the above two criteriain
mind, we define program points as (i) the start and end of each procedure; (ii) just before
and just after each loop (even inner loops of nested loops); (iii) the start and end of each
if statement’sthen part and else part as well as the start and end of the entireif statement;
and (iv) the start and end of each case in all switch statements in the program as well as
the start and end of the entire switch statement. In this way, program points track most
major control-flow constructs in the program. Program points are merely candidate sites
for copying to and from the scratch-pad — whether any copying codeis actually inserted at
those points is determined by a cost-model driven approach, described in section 3.

Figure 1 shows an example illustrating how a program is marked with timestamps at
each program point. Figure 1(a) shows the program outline. It consists of five procedures,
namely main(), proc-A(),proc-B(), proc-C() and proc-D(), one loop and one if-then-else
construct. The only program constructs shown are loops, procedure declarations and calls,
and if statements — other instructions are not. Accesses to two selected variables X and Y
are also shown.

Figure 1(b) shows the Data-Program Relationship Graph (DPRG) for the program in
figure 1(a). The DPRG is a new data structure we introduce that helps in representing
regions and reasoning about their time order. The DPRG is the program’s call graph ap-
pended with new nodes for loops, if-then's and variables. In the DPRG shown in fig-
ure 1(b), there are five procedures, one loop, one if statement, and two variables repre-
sented by nodes. Separate nodes are shown for the entire if statement (called if-header)
and for its then and else parts. On the figure oval nodes represent procedures, circular
nodes represent loops, rectangular nodes represent if statement nodes, and square nodes
represent variables. Edges to procedure nodes represent calls; edges to loop and if nodes
shows that the child isin its parent; and edges to program object nodes represent memory
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accesses to that program object from its parent. No additional edges exist to model con-
tinue and break statements. The DPRG is usually a directed acyclic graph (DAG), except
for recursive programs, where cycles occur.

Figure 1(b) also shows the timestamps (1-18) for al program points, namely the be-
ginnings (shown on left of nodes) and ends (shown on right) of every procedure, loop,
if-header, then and else node. The goal is to number timestamps in the order they are
encountered during the execution. This numbering is computed at compile-time by the
well-known depth-first-search (DFS) graph traversal algorithm. Our DFS marks program
pointsin the order seen with successive timestamps. Our DFS is modified, however, in two
ways. First, our DFS is modified to number then and else nodes of if statements starting
with the same number since only one part is executed per invocation. For example, the
start of the then and else nodes shown in the figure both are marked with timestamp 3. The
numbering of the end of if-header node (marked 7 in the figure) follows the numbering of
either the then and el se parts, whichever consumes more timestamps. Second, it traverses
and timestamps nodes every time they are seen, rather than only the first time. This till
terminates since the DPRG is a DAG for non-recursive functions. Such repeated traversal
results in nodes that have multiple paths to them from main() getting multiple timestamps.
For example, node proc-c() gets timestamps 9 & 13 at its beginning, and 10 & 14 at its
end.

Now we can see that the timestamps are a partial order rather than a total order. This
is because timestamps should not be used to derive an order between two nodes such that
oneis achild of the then part of some if-header node, and the other is a child of the else
part of the same if-header. Such nodes have no relative order.

Timestamps are useful since they reveal dynamic execution order: the runtime order in
which the program points are visited is roughly the order of their timestamps. The only ex-
ception iswhen aloop node has multiple timestamps as descendants. Here the descendants
arevisited in every iteration, repeating earlier timestamps, thus violating the timestamp or-
der. Even then, we can predict the common case time order as the cyclic order, since
the end-of-loop backward branch is usually taken. Thus we can use timestamps, at com-
pile-time, to reason about dynamic execution order across the whole program. Thisis a
useful property, and we speculate that timestamps may be useful for other compiler opti-
mizations as well that need to reason about execution order, such as compiler-controlled
prefetching [Luk and Mowry 1998], value prediction [Larson and Austin 2000] and spec-
ulation [Bringmann 1995].

Timestamps have their limitations in that they do not directly work for goto statements
or theinsides of recursive cycles; but we have work-aroundsfor both which are mentioned
in section 5.

3. ALGORITHM FOR DETERMINING MEMORY TRANSFERS OF GLOBAL AND
STACK VARIABLES

This section describes the proposed algorithm for determining the memory transfers of
global and stack variablesat each program point. Before running this algorithm, the DPRG
is built to identify program points and mark the timestamps. Next, profile datais dynam-
icaly collected to measure the frequency of access to each variable separately for each
region. This frequency represents the weight of the edge from a parent node to a child
variable. Profiling also measures the average number of times a region is entered from a
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parent region. This represents the edge weight between two non variable nodes. The total
frequency of access of avariableis the product of al the edge weights al ong the execution
path from the main() node to the variable.

We first discuss the part of our method that allocates global and stack variables. In the
next section, we show how this method can be extended with some minor modifications
to also allocate program code. An overview of the first part of our memory transfer algo-
rithmisasfollows. At each program point, the algorithm determinesthe following memory
transfers:. (i) the set of variablesto copy from DRAM into the scratch-pad and (i) the set of
variablesto evict from DRAM to the scratch-pad to make way for incoming variables. The
algorithm computes the transfers by visiting each program point (and hence each region)
once in an order that respects the partial order of the timestamps. For the first region in
the program, variables are brought into the scratch-pad in decreasing order of frequency-
per-byte of access. Thereafter for subsequent regions, variables currently in DRAM are
considered for bringing into the scratch-pad in decreasing order of frequency-per-byte of
access, but only if a cost model predictsthat it is profitable to do so. Variables are prefer-
entially brought into empty space if available, else into space evicted by variables that the
compiler has proven to be dead at this point, or else by evicting live variables. Complet-
ing this process for al variables at al timestamps yields the complete set of all memory
transfers.

The cost model works as follows. Given a proposed incoming variable and one-or-more
variables to evict for the incoming variable, the cost model determines if this proposed
swap should actually take place. In particular, copying a variable into the scratch-pad may
not be worthwhile unless the cost of the copying and the lost locality of evicted variables
is overcome by its subsequent reuse from scratch-pad of the brought-in variable. The cost
model we use models each of these componentsto deriveif the swap should occur.

Detailed algorithm Figure 2 describes the above algorithm in pseudo-code form. A line-
by-line description follows in the rest of this section.

Figure 2 beginsby declaring several compiler variables. Theseinclude V-fast and V-slow
to keep track of the set of application variables allocated to the scratch-pad and DRAM, re-
spectively, at the current program point. Bring-in-set, Swap-out-set and Retain-in-fast-set
storetheir obvious meaning at each program point. Dead-set refersto the set of variablesin
V-fast in the previous region whose lifetime has ended. The frequency-per-byte of access
of avariablein aregion, collected from the profile data, is stored in freq-per-byte[variable,
region].

The algorithmis as follows. Lines 1-2 computes the allocation for the first regionin the
application program. For the first region, variables are greedily brought into the scratch-
pad in decreasing order of frequency-per-byte of access. Line 3 is the main for loop that
stepsthrough all the subsequent program pointsin timestamp order. At each program point,
line 7 steps through all the variables, giving preference to frequently accessed variablesin
the next region. For each variable V in DRAM (line 8), it tries to see if it is worthwhile
to bring it into the scratch-pad (lines 9-21). If the amount of free space in the scratch-pad
is enough to bring in V, V is brought in if the cost of the incoming transfer is recovered
by the benefit (lines 10-13). Otherwise, if variables need to be evicted to make space for
V, the best set of variables to evict is computed by procedure Find-swapout-set() called on
line 15 and the swap is made (lines 16-20). If the variable V is in the scratch-pad (line
22), then it is retained in the scratch-pad provided it has not already been swapped out so
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Define /* Thevaluesof al of the quantities defined below change at each program point */

Set V-slow /* Set of variablesin DRAM at this point */

Set V-fast I* Set of variablesin the scratch-pad at this point */

Set Bring-in-set /* Variables to bring into the scratch-pad at this program point */

Set Swapout-set * Set of variablesfor eviction to DRAM */

Set Retain-in-fast-set I* Set of variablesto retain in the scratch-pad */

Set Dead-set /* Set of variablesin V-fast whose lifetimes have ended */

float freg-per-byte[variable,region] I* Access frequency per byte of variable in region in profile data*/
void Memory-allocator ()

1. initia-candidate-list < Sort variables accessed in first region in decreasing order of freg-per-byte[variable, first region].
2. Assign V-fast and V-slow for first region by filling the scratch-pad in greedy order from initial-candidate-list.
3. for all timestamped program points in the application visited in partial order of their timestamps, starting at second region

4, Swapout-set < NULL_SET;  Bring-in-set — NULL_SET;  Retain-in-fast-set — NULL_SET
5. Dead-set = Variables which are no longer aive at this program point
6. Free-space = Free-space + sizeof(Dead-set)
7. for all variables V accessed in this region in decreasing order of frequency-per-byte
/* In rest of code 'thisregion’ = region after current program point */
8. if V € V-slow
9. if (sizeof(V) < Free-space) /* V fits; no need to swap out variables*/
10. Benefit-of-bring-in-V «— Find-benefit(V, NULL_SET)
11 if (Benefit-of-bring-in-V > 0)
12. Bring-in-set — Bring-in-set |J {V}
13. endif
14. else /* V does not fit; try to swap out variables*/
15. Swapout-set-for-V « Find-swapout-set(V)
16. if (Swapout-set-for-V # NULL)
17. Swapout-set < Swapout-set | Swapout-set-for-V
18. Bring-in-set — Bring-in-set J {V}
19. Free-space — Free-space + sizeof (Swapout-set-for-V) — sizeof(V)
20. endif
21. endif
22. else/* V € V-fast */
23. if (V not in Swapout-set) /* Has not been swapped out so far */
24, Retain-in-fast-set — Retain-in-fast-set |J {V}
25. endif
26. endif
27. endfor

28. V-fast < V-fast |J Bring-in-set — Swapout-set — Dead-set

29. V-slow « V-slow | J Swapout-set — Bring-in-set — Dead-set

30. Store V-fast and V-slow for this region.

31.endfor /* For al program points */
32return

Set Find-swapout-set(V)
33.Swapout-set-for-V «— NULL_SET
34.Swapout-candidate-list < Sort variables in the scratch-pad in ascending order of size. In case of atie, choose variable with
the higher next-timestamp-of-access. Exclude variables that have become dead in this region (already removed in line 6).
35.Swapout-candidate-list
Swapout-candidate-list — (Swapout-set | Bring-in-set | Retain-in-fast-set)  /* Update candidate-list*/
36.Size-required « sizeof(V) - Free space
37.while (((Swapout-candidate «— next-element(Swapout-candidate-list)) # NULL) and (Size-required > 0))
38. Benefit-of-swap «— Find-Benefit(V, Swapout-candidate)
39. if (Benefit-of-swap > 0)

40. Swapout-set-for-V «— Swapout-set-for-V |J { Swapout-candidate}

41. Size-required — Size-required — sizeof(Swapout-candidate)

42. endif

43.end-while

44.if (Size-required > 0) /* Could not find required space by swapping out */
45, return (NULL) /* Do not swap */

46.endif

47.return (Swapout-set-for-V) /* Found required space by swapping out */

int Find-benefit(V,Swapout-candidate)
48.Latency-gain < freg-per-byte[V, thisregion] x size(V) x (Latency_slow_mem — Latency_fast_mem)
49 .Latency-loss —

freg-per-byte] Swapout-candidate, this region] x size(Swapout-candidate)* (Latency_slow_mem — Latency_fast. mem)
50.Migration-overhead < Time for copying Swapout-candidate (if modified) to DRAM + Time for copying V to the SRAM
51.Benefit-of-swap « latency-gain — latency-loss — Migration-overhead
52.return Benefit-of-swap

Fig. 2. Algorithm for determining dynamic memory allocation

ACM Transactionsin Embedded Computing Systems, Vol. V, No. N, Month 20Y'Y.



10 . Sumesh Udayakumaran et al.

far by a higher frequency-per-bytevariable (line 23-25). Finaly, after looping through all
the variables, lines 28 and 29 update, for the next program point, the set of variablesin
scratch-pad and DRAM, respectively. Line 30 stores this resulting new memory map for
the region after the program point.

Next we explain Find-swapout-set() (lines 33-47) called in line 15. It calculates and
returns the best set of variables to copy out to DRAM when its argument V is brought
in. Possible candidates to swap out are those in scratch-pad, ordered in ascending order
of size (line 34); but variables that have aready been decided to be swapped out, brought
in, or retained are not considered for swapping out (line 35). Thus variables with higher
frequency-per-byte of access are not considered since they have already been retained in
scratch-pad in line 24. Among the remaining variables of lower frequency-per-byte, as a
simple heuristic small variables are considered for eviction first since they cost the least
to evict. Better ways of evaluating the swapout set of least cost by evaluating al possible
swapout sets are avoided to avoid an increase in compile-time; moreover we found these to
be unnecessary since only variableswith lower frequency-per-bytethan the current variable
are considered for eviction. The while loop on line 37 looks at candidates to swap out one
at a time until the space needed for V has been obtained. A cost model is used to see
if the swap is actually beneficial (line 38); if it is the swapout set is stored (lines 40-41).
More variables may be evicted in future iterations of the while loop on line 37 if the space
recovered by a single variable is not enough. If swapping out variables that are eligible
and beneficial to swap out did not recover enough space (line 44), then the swap is not
made (line 45). Otherwise procedure Find-swapout-set() returns the set of variablesto be
swapped out.

Cost model Finally, we look at Find-benefit() (lines 36-43), called in lines 10 & 38. It
computes whether it is worthwhile, with respect to runtime, to copy in variable V in its
first argument by copying out variable Swapout-candidate in its second argument. The
net benefit of this operation is computed in line 51 as the latency-gain — latency-loss —
Migration-overhead. The three terms are explained as follows. First, the latency gain is
the gain from having V in the scratch-pad in the next region (line 48). Second, the latency
loss is the loss from not having Swapout-candidate in the scratch-pad in the next region
(line 49). Third, the migration overhead is the cost of copying itself, estimated in line
50. The overhead depends on the point at which the transfer is done. So the overhead of
transfers done outside a loop is less than inside it. We conservatively choose the transfer
point that is outside as many inner loops as possible. The choice is conservative in two
ways. One, points outside the procedure are not considered. Two, transfers are not moved
beyond points with earlier transfer decisions. An optimization done hereisthat if variable
Swapout-candidate in scratch-pad is provably not written to in the regions since it was last
copied into the scratch-pad, then it need not be written out to DRAM since it has not been
modified from its DRAM copy. This optimization provides functionality to the dirty bit in
cache, without needing to maintain a dirty bit since the analysisis at compile-time. The
end result is an accurate cost model that estimates the benefit of any candidate allocation
that the algorithm generates.

Optimization One optimization that we consider is ignoring the multiple allocation de-
cisionsinside higher level regions and instead adopting one allocation inside the particular
region. The static allocation adopted is found by doing a greedy allocation based on the
frequency per byte value of the variables used in the region. Such an optimization can be
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Fig. 3. Example DPRG with code nodes. Fig. 4. Anexample coalesced DPRG.

useful in cases when transfers are done inside loops and the resulting transfer cost is very
high. In such cases all though our method would guarantee than the high cost can be re-
couped, it might be beneficial to adopt a simple one allocation for the particular region. To
aid in making this choice, our method compares the likely benefit from a purely dynamic
alocation with a static alocation for the region. Based on the result either the dynamic
alocation strategy is retained or the static allocation used for the region.

4. ALGORITHM EXTENSION FOR CODE OBJECTS

We now show how the above framework can be extended for allocating program code
objects. The key questions that that need to be answered are: One, at what granularity
do we allocate code objects (basic-block/procedures/files ); two, how is an code object
represented in the DPRG; and three, how is the algorithm and cost model modified. The
first issue we look at is the granularity of the program objects. Like in the case of data
objects, the smaller the size of the code objects, the larger the benefits of scratch-pad
placement are likely to be. One way of achieving thisisto consider code objects in units
of basic blocks. However, code generation for alocations at such small granularity is
likely to involveintroducing too many branch instructions while also precluding the use of
existing linker technology for its implementation. The other drawback is that complexity
of profiling also increases. Another approach to obtaining smaller sized code objectsisto
selectively create procedures from nested |oop structures in programs since it is profitable
to place loops in scratch-pad. This optimization called outlining (inverse of inlining) is
available in some commercia compilers like IBM's XLC compiler. Both methods can
yield code objects of smaller size but at vastly different implementation costs. For its ease
of implementation we choose outlining to provide small sized program objects.

The next issue is how to represent the code objects in the DPRG. Since our choice of
program objects is at the level of procedures (native or outlined), we attach code objects
to parent proceduresjust like variables are (henceforth called code variable nodes). Figure
3 shows an example of a DPRG which also includes code objects shown as rectangular
nodes. Every procedure node has a variable child node representing the code executed
before the next function call. For examplein figure 3 code A.1 represents all the instruc-
tions in proc_A executed before the procedure proc C is called and code A.2 represents
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all the instructionsin proc_A executed after return from proc C until the end the proc A.
An advantage of such a representation is that the framework for allocating data objects
can be used with little modification for allocating code objects as well. Asin the case of
data objects, profiling is used to find for every node the frequency of access of each child
code variable accessed by that node. For a code variable its frequency is given by its cor-
responding number of dynamic instructions executed. The size of the code variableis the
size of the portion of the procedure until the next call site in the procedure. We also create
amodified DPRG structure in which non procedure DPRG nodes have been coalesced into
the parent procedure node. We call this new structure the coal esced-dprg. Figure 4 shows
the coalesced-dprg for the original DPRG in Figure 3.

Now the original agorithm described in the previous section is modified as follows.
When a procedure node in the DPRG is visited, first we check if the procedure node can
be allocated in the scratch-pad. Such an approach is motivated by the same considerations
as for our choice of procedures over basic blocks. Using the origina agorithm would
have required using expensive profiling to find the frequency of the code variable in much
smaller portions of code. To determineif aprocedure node can be allocated to scratch-pad,
it is helpful to use the coaesced-dprg. It suffices to find out if a hypothetical allocation
(lines 4-30) done at the corresponding procedure node using the coal esced-dprg(using lines
7-21), would allocate the procedure node to the scratch-pad. If the procedure gets all ocated
to the scratch-pad then the available scratch-pad memory is decreased by the size of the
procedure node. Then the algorithm proceeds with the rest of the pseudo code explained
in the previous section(lines 4-30) using the original DPRG with the only other difference
that the procedure node isignored, that is it is neither considered for swapin or swap out.
Thus the modified al gorithm would allocate both data and code while retaining the same
framework.

5. ALGORITHM MODIFICATIONS

For simplicity of presentation the algorithm in sections 2 and 3 leaves some issues un-
addressed. Solutions to these issues are proposed in this section. All the modifications
proposed here are carried out by the algorithm presented before and are driven by the
same cost model. They do not define a new algorithm. Two of the modifications— pointers
and goto’s extend the functionality of the algorithm

Function pointer sand pointer variablesthat point to global and stack variables Func-
tion pointersand pointer variablesin the source code that point to global and stack variables
can cause incorrect execution when the pointed-to object is moved. For example consider
apointer variable p that is assigned to the address of global variablea in aregion where a
isin the scratch-pad. Later if p is de-referenced in aregion when aisin DRAM, then p
points to the incorrect version of a. We now discuss two different alternative strategies to
handle thisissue. An advantage of both these schemes is that both alternatives need only
basic pointer information. However, pointer analysis information can be used to optimize
both the schemes and further reduce their overhead.

Alternative 1: Thefirst aternative that we present involves using aruntime disambigua
tor that corrects the address of the pointer variable. The aternative involves four steps.
First, pointer analysis is doneto find the pointers to global/stack and code objects. Second,
at statements where the address of a global/stack or a code variables is assigned including
when they are passed as reference parameters, the address of the DRAM location of the
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objectisassigned. Thisisnot hard since all compilersidentify such statementsexplicitly in
the intermediate code. With such areassignment al pointer variablesin the program refer
to the DRAM locations of variables. The advantage of DRAM addresses of objectsis that
they are unique and fixed during the program object’s lifetime; unlike its current address
which changes every time the program object is moved between the scratch-pad and the
DRAM. Note that only direct assignments of addresses need to be taken care, statements
which copy address from one pointer to another do not need any special handling. Thethird
step is that at each pointer de-referencein the program the pointer addressis translated by
compiler-inserted code from the DRAM address it contains to the current address of the
pointed-to program object which may be in the scratch-pad or DRAM. Thistrandation is
done using a custom run-time data structure which, given the DRAM address, returns the
current location of the program object. Since pointer arithmetic is allowed in C programs,
the data structure must be able to look up addresses to the middle of program objects and
not just to their beginnings. The data structure we use is a height-balanced tree having
one node for each global/stack and code object whose address is taken in the program.
Each node stores the DRAM address range of the variable and its current starting address.
Since recursive procedures are not allocated to the scratch-pad, each variable has only one
unique addressrange.® Thetree is height-bal anced with the DRAM address asthe key. The
tree is updated at run-time when a pointed-to variable is transferred between banks and it
is accessed through pointers before its next transfer. Since n-node height-balanced trees
offer O(logz2N) lookup this operation is reasonably efficient. An advantage of both these
schemes if that both alternatives need only basic pointer information. However pointer
analysis information can be used to immensely, simplify both the schemes.. Once the cur-
rent base address of the program object in scratch-pad is obtained, the address value may
need to be adjusted to account for any arithmetic that has been done on the pointer. This
is done by adding the offset of the old pointer value from the base of the DRAM address
of the pointed-to variable to the newly obtained current location. The final step that we do
is that after the dereference the pointer is again made to point to its DRAM copy. Simi-
lar to when tranglating, the pointer value may need adjustments again to account for any
arithmetic done on the pointer.

It appears that the scheme for handling pointers described above suffers from high run-
time overhead since an addresstransation (and retranslation) is needed at every pointer de-
reference. Fortunately this overhead is actualy very low for four reasons. First, pointers
to global/stack and code objects are relatively rare; pointers to heap data are much more
common. Only theformer requiretranslation. Second, most global/stack and code accesses
in programs are not pointer de-references and thus need no trandation. Third, even when
trandation and hence a subsequent retrandation is needed in a loop (and thus is time-
consuming) it is often loop-invariant and can be placed outside the loop. Thetrandationis
loop invariant if the pointer variable or aggregate structure containing the pointer variable
is never written to in the loop with a address taken expression.® We found this to be often
the case and in almost all cases the trangation can be done before the loop. Consequently
the retranglation can be done after the loop. Finally, one optimization we employ is that

Swith pointer analysis information this translation can be replaced by a simpler comparison involving only the
dram addresses of variables in the pointed-to set

SPointer arithmetic is not a problem since it is not supposed to change the pointed-to variable in ANSI-C seman-
tics.
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in cases where it can be conservatively shown that the variable's address does not change
between the address assignment and pointer de-reference, then the current address of the
program object regardless of it is in the scratch-pad or DRAM can be assigned and no
tranglation is required. Such instances most trivially happen in cases when for optimized
code generation, the address is assigned to a pointer just before the loop and then the
pointer variableis used in the loop. For all these reasons, we found the run-time overhead
of trandation to be under 1% for most of our benchmarks. This cost is easily overcomefor
all our benchmarks by the much larger gain from our method in access latency. Finally, the
memory footprint of the run-time structure is vanishingly small for our benchmarks.

Alternative 2: A second adternative is to use a strategy of restricting the offsets a
pointed-to variable can take. The strategy proceedsin the following steps. First, avariable
whose addressis never taken is placed with no restrictions since no pointers can point into
it. Address-taken information is readily available in most compilers; in this way, many
global/stack variables are unaffected by pointers. Second, variableswhose addressistaken
havethefollowing allocation constraint for correctness: for all regionswherethevariable's
address is taken or the variable may be accessed through pointers, the variable must be
allocated to the same memory location. For exampleif variable a has its address taken in
region Ry, and may be accessed through a pointer in region Rs, then both regions R; and
Rs must allocate a to the same memory location. This ensures correctness as the intended
and pointed-to memory will be the same. The consensus memory bank for such regionsis
chosen by first finding the locally requested memory bank for each region; then the cho-
sen bank is the frequency-weighted consensus among those requests. Regions in which a
variablewith address taken is accessed but not through pointers are unconstrained, and can
alocate the variable anywhere.

Currently we have only explored alternative 1 for our benchmarks. Exploring alternative
2 and hybrids of aternative 1 and aternative 2 is part of our future work.

Join nodes A second complication with the above agorithm is that for any program point
visited along multiple paths (hence having multiple timestamps), the for loop in line 4 is
visited more than once, and thus more than one alocation is made for that program point.
An example is node proc C() in figure 1. We call such nodes with multiple timestamps
join nodes since they join multiple paths from main(). Join nodes can arise due to many
program constructs including (i)in the case of a procedure invoked at multiple call sites,
(if)at the end of conditional path or (iii) in the case of aloop. For parents of join nodes,
considering the join node multiple times in our algorithm is not a problem - indeed it the
right thing to do, so that the impact of the join node is considered separately for each
parent. However, for the join node itself, multiple recommended allocations result, one
from each path to it, presenting a problem. One solution is cloning the join node and the
sub-graph below it in the DPRG aong each path to the join node, but the code growth
can be exponential for nested join nodes. Even selective cloning is probably unacceptable
for embedded systems. Instead, our strategy avoids all cloning by choosing the allocation
desired by the most frequent path to the join node for the join node. Subsequently com-
pensation code is added on all incoming edges to the join node other than for the most
frequent path. The compensation code changes the alocation on that edge to match the
newly computed allocation at the join node. The number of instances of compensation
code is upper-bounded by the number of incoming edges to join nodes We now consider
the most common scenarios separately.
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Join nodes: Procedure join nodes Our method chooses the allocation desired by the
most frequent path to the procedurejoin node for the join node. Subsequently as discussed
before, compensation code is added on all incoming edges to the join node other than for
the most frequent path.

Join nodes: Conditional join nodes Join hodes can also arise due to conditional pathsin
the program. Examples of conditional execution include if-then, if-then-else and switch
statements. In all cases, conditional execution consists of one or more conditional paths
followed by an unconditional join point. Memory alocation for the conditional paths
poses no difficulty — each conditional path modifies the incoming memory allocation in
the scratch-pad and DRAM memory to optimize for its own requirements. The difficulty is
at the subsequent unconditional join node. Since the join node has multiple predecessors,
each with a different allocation, the allocation at the join nodeis not fixed at compile-time.
The solution used is the same as for procedure join nodes and is used for similar reasons.
Namely, the allocation desired by the most frequent path to the join node is used for the
join node, just as above.

Join nodes. loops A third modification is needed for loops. A problem akin to join
nodes occurs for the start of such loops. There are two paths to the start of the loop —
a forward edge from before the loop and a back edge from the loop end. The incoming
allocation from the two paths may not be the same, violating the desired condition that
there be only one allocation at each program point. To find the allocation at the end of the
backedge, Procedure Find-swapout-set isiterated once over al the nodesinside the loop.
The alocation before entering the loop is then reconciled to obtain the allocation desired
just after entering the loop — in this way, the common case of the back edge is favored for
allocation over the less common forward edge.

Recursive functions Our approach discussed so far does not directly apply to stack vari-
ablesin recursive or cross-recursive procedures. With recursion the call graphis cyclic and
hence the total size of stack data is unknown. Hence for a compiler to guarantee that a
variable in arecursive procedurefits in the scratch-pad is difficult. Our baseline technique
isto collapse recursive cycles to single nodesin the DPRG, and allocate their stack datato
DRAM. Edges out of the recursive cycle connect this single node to the rest of the DPRG.
This provides a clean way of putting al the recursive cycles in a black box (not to be
considered in the future). Our method can now handle the modified DPRG like any other
DPRG without cycles. DRAM placement of stack variablesis not too bad for two reasons.
First, recursive procedures arerelatively rarein embedded codes. Second, a nice feature of
this method is that when recursion is present, all program objects other than stack frames
of recursive procedures such as data in non recursive descendents and non stack data can
till be placed in the scratch-pad by our method.

One optimization is for tail-recursive procedures, i.e. those where only the variables
from the last invocation are live. Our method can re-use the same fixed-size scratch-pad
space for al the dynamic invocations of a tail-recursive procedure, thus eliminating the
unknown-size problem. This optimization is not currently implemented.

Goto statements Our DPRG formulation in section 2.1 does not consider arbitrary goto
statements. Becauseit iswidely knownthat goto statements are poor programming practice
they are exceedingly rare in any domain nowadays. Nevertheless, it isimportant to handle
them correctly. We only refer to goto statements here; breaks and continues in loops are
finefor DPRGs.
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Our solution to correctly handle goto statements involves two steps. First, the DPRG is
built and the memory transfers are decided without considering goto statements. Second,
the compiler detects all goto statements and inserts memory transfer code along all goto
edges in the control-flow graph to maintain correctness. The fundamental condition for
correctnessin our overall scheme is that the memory allocation for each region is fixed at
compile-time; but different regions can have different allocations. Thus for correctness,
for each goto edge that goes from one region to another, memory transfers are inserted just
before the goto statement to convert the contents of scratch-pad in the source region to that
in the destination region. In this way goto statements are handled correctly but without
specifically optimizing for their presence. Since goto statements are very rare, such an
approach adds little run-time cost for most programs.

The DPRG construct along with the extensions in this section enable our method to
handleall ANSI C programs. For other languages, structured control-flow constructslikely
will be variants, extensions or combinations of constructs mentioned in this paper, namely
procedurecalls, loops, if and if-then-el se statements, switch statements, recursion and goto
Statements.

6. LAYOUT AND CODE GENERATION

This section has three issues. First, it discusses the layout assignment of variables in
scratch-pad. Second, it discusses the code generation for our scheme. Third, it discusses
how the data transfer code may be optimized.

Layout assignment Thefirst issuein this section is deciding where in the scratch-pad to
place the program objects being swapped in. A good layout at a region should be able
to place most or al of the program objects desired in the scratch-pad by the memory
transfer algorithm in section 3. To increase the chances of finding a good layout, the
layout assignment algorithm should havethefollowing two characteristics. First, thelayout
should minimize fragmentation that might result when program objects are swapped out,
S0 as to increase the chance of finding large-enough free holes in future regions. Second,
when amemory hole of arequired size cannot be found, compaction in scratch-pad should
be considered along with its cost.

Our layout assignment algorithm runs as a separate pass after the memory transfers are
decided. It visits the regions of the application in the partial order of their timestamps.
At each region, it does the following four tasks. First, the method updates the list of free
holes in the scratch-pad by de-allocating the outgoing variables from the previous region.
Second, it attempts to allocate incoming variables to the available free holes in the de-
creasing order of their size. The largest variables are placed first since they are the hardest
to place in available holes. When more than one hole can be used to fit a variable, the
best-fit ruleis followed: the smallest hole that is large enough to fit the incoming program
object is used for allocation. The best-fit rule is commonly used for memory allocationin
varying domains such as segmented memory and sector placement on disks [ Tanenbaum
1998]. Third, when an adequate-sized hole cannot be found for a variable, compaction
in the scratch-pad is considered. In general, compaction is the process of moving vari-
ables towards one end of memory so that alarge hole is created at the end. However, we
consider a limited form of compaction that has lower cost: only the subset of variables
variables that need to be moved to create a large-enough hole for the incoming request are
moved. Also, for simplicity of code generation, compaction involving blocks containing
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program objects used inside a loop is not alowed inside the loop. Compaction is often
more attractive than leaving the incoming program object in DRAM for lack of an ade-
guate hole — this is because compaction only requires two scratch-pad accesses per word,
which is often much lower cost than even asingle DRAM access. The cost of compaction
is included in our layout-phase cost model; it is done only when its cost is recovered its
benefit. Compaction invalidates pointers to the compacted data and hence is handled just
like atransfer in the pointer-handling phase (section 5) of our method. Pointer handling is
delayed to after layout for thisreason. Fourth, in the case that compaction is not profitable,
our approach attempts to find a candidate program object to swap out to DRAM. Again,
the cost is weighed against the benefit to decide if the program object should be swapped
out. If no program object in the scratch-pad is profitable to swap out, our approach decides
to not bring in the requested-incoming program object to the scratch-pad. In section 7 we
show that this simple strategy is quite effective.

Code generation After our method decides the layout of the variablesin SRAM in each
region, it generates code to implement the desired memory allocation and memory trans-
fers. Code generation for our method involves changing the original code in three ways.
First, for each origina variable in the application (Eg: a) which is moved to the scratch-
pad at some point, the compiler declares a new variable(Eg: a_fagt) in the application
corresponding to the copy of a in the scratch-pad. The original variable a is alocated to
DRAM. By doing so, the compiler can easily allocate a and a_fast to different offsetsin
memory. Such addition of extra symbols causes zero-to-insignificant code increase de-
pending on whether the object formats includes symbolic information in the executable or
not. Second, the compiler replaces occurrences of variable a in each region where a is
accessed from the scratch-pad by the appropriate version of a_fast instead. Third, mem-
ory transfers are inserted at each program point to evict some variables and copy others
as decided by our method. The memory transfer code is implemented by copying data
between the fast and slow versions of to-be-copied variables (Eg: between a_fast and a).
Datatransfer code can be optimized; optimizations are described later in this section.

Since our method is dynamic, the fast versions of variables (declared above) havelimited
lifetimes. As a conseguence different fast variables with non-overlapping lifetimes may
have overlapping offsets in the scratch-pad address space. Further, if asingle variableis
allocated to the scratch-pad at different offsetsin different regions, multiple fast versions
of the variables are declared, one for each offset. The requirement of different scratch-pad
variables allocated to the same or overlapping offsetsin the scratch-pad in different regions
is easily accomplished in the backend of the compiler.

Although creating a copy in scratch-pad for global variablesis straightforward, special
care must be taken for stack variables. Stack variables are usually accessed through the
stack pointer which is incremented on procedure calls and decremented on returns. By
default the stack pointer pointsto aDRAM address. This does not work to access the stack
variable in scratch-pad; moreover the memory in scratch-pad is not even maintained as
a stack! Allocating whole frames to scratch-pad means losing alocation flexibility. The
other option of placing part of stack frame in scratch-pad and the rest in main memory
requires maintaining two stack pointerswhich can be alot of overhead. The easiest way to
place astack variablea in scratch-pad isto declareitsfast copy a_fast asa global variable
but with the same limited lifetime as the stack variable. Addressing the scratch-pad copy
as aglobal avoids the difficulty that the scratch-pad is not maintained as a stack. Thus al
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Application Source Description Lines | Object Data Data memory
of code code size | instructions as %
size | inbytes total dynamic
inKB instructions

Lpc UTDSP Linear predictive 493 340 7684 29.1
coding encoder

Edge Detect UTDSP Image edge 368 350 | 196600 7.0
detection

Gsm Mlbench | Speech 5473 417 20287 29.2
compression

Spectral UTDSP Power spectral 449 332 4356 475
estimation

Compress UTDSP Discrete cosine 296 324 70752 12.2
transform

G721.Wendyfung | UTDSP G.721 ADPCM 627 250 4148 440

(G721) agorithm

Stringsearch Mlbench | String search 2757 242 1572 471

Rijndael Mlbench | AESalgorithm 1142 315 22160 26.0

Tablel. Application programs.

variables in scratch-pad are addressed as globals. Having globals with limited lifetimes
is equivalent to globals with overlapping address ranges. The handling of overlapping
variables was mentioned in the previous paragraph.

Code generation for handling code blocks involves modifying the branch instructions
between the blocks. The branch at the end of the block would need to be modified to jump
to the current location of the target. Thisis easily achieved when the unit of the code block
is a procedure by leveraging current linking technology. Similar to the case of variables,
the compiler inserts new procedure symbols corresponding to the different offsets taken
by the procedure in the scratch-pad. Then it suffices to modify the calls to call the new
procedures. The backend and the linker would (without any modifications) then generate
the appropriate branches. As mentioned earlier, outlining or extracting loops into extra
procedures can be used to create small sized code blocks. For this optimization to work,
we promote the local variables that are shared between the loop and the rest of the code as
global variables. These are given unique names prefixed with the procedure name. In our
set of benchmarks, we observe the overhead due to these extra symbols to be very small.
Reducing runtimeand codesize of datatransfer code Our method copies databack and
forth between the scratch-pad and DRAM. This overhead is not unique to our approach —
hardware caches also need to move data between scratch-pad and DRAM. The ode-size
overhead of such copying is minimized by using a shared optimized copy function. In
addition, faster copying is possible in processors with the low-cost hardware mechanisms
of Direct Memory Access (DMA) such as in ARMv6, ARM7. DMA accelerates data
transfers between memories and/or 1/0 devices.

7. RESULTS

Experimental setup This section presents results comparing our dynamic method against
the earlier provably optimal static allocation described in [Avissar et a. 2002]. A summary
of the previous results of the optimal static method in [Avissar et a. 2002] are as follows:
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for their benchmarks, the optimal static method improves run-time by an average of 54%
compared to an al-DRAM allocation; and by an average of 44% compared to an earlier
static method that places only global variablesin SRAM rather than both global and stack
variables. For our comparison, the static method in [Avissar et a. 2002] is extended to also
handle program code. In the new formulation for the static solution, procedures (the same
set as used by our dynamic method) are treated as being similar to global variables.

Our methodology is as follows. We have implemented the DPRG and memory transfer
algorithmin a GCC v3.2 cross-compiler targeting the M otorolaM-Core embedded proces-
sor. After compilation the benchmarks are executed on the public-domain cycle-accurate
simulator for the Motorola M-Core available as part of the GDB v5.3 distribution. DMA
issimulated by counting the estimated costs of those mechanismsin the simulator.

Our experimental setup for estimating the energy consumption of programs with and
without our method is as follows. An M-core power simulator [Baynes et al. 2001; 2003],
kindly donated by that group, is used to obtain energy estimates for instructions and
SRAM. This is an instruction-level power simulator similar to [Sinha and Chandrakasan
2001; Tiwari and Lee 1998]; itsinstruction power numberswere measured using an amme-
ter connected to an M-core hardware board. DRAM power is estimated by aDRAM power
simulator we built into the M-core simulator. 1t uses the DRAM power model described
in [Janzen 2001; Micron-datasheet 2003] for the MICRON external DDR Synchronous
DRAM chip. The DRAM chip sizeis set equal to the data size in the energy model. To
store code, the experimental setup also includes a Flash device [Micron-flash data sheet ].
The current and voltage values of the device are also incorporated into the power simulator.

The applications and memory characteristics are as follows. The embedded applications
evaluated are shown in table |. The applications selected primarily use global and stack
data, rather than heap data. In the experimental setup, an external DRAM with 20-cycle
latency and aninternal SRAM (scratch-pad) with 1-cyclelatency is simulated in the default
configuration. The Flash has a seek time of 120 ns or about 24 cycles [Micron-flash data
sheet ]. In the experiments bel ow, the SRAM sizeis varied and for each size the run-time
gain from the dynamic method in this paper vs. the best static method is measured. The
DRAM and Flash sizes, of course, are assumed to be large enough to hold all program data
and code respectively. Other experiments below perform more detailed studies, including
varying the above parameters and others, and measure the impact of doing so.

Results on run-time improvement Before presenting results, it is important to under-
stand that our dynamic method does not give a benefit versus a static allocation for al

scratch-pad sizes. Thisis obvious at the extremes. For a scratch-pad size = 0% of datat+
code size (or object code size), the two methods are equal since neither can put any data
or code in the (absent) the scratch-pad. Similarly, at the other extreme of the scratch-pad
size when scratch-pad size = 100% of program size, both methods are nearly equal  since
they both fit all the data and code in the scratch-pad. The benefit from any dynamic method
is seen only for intermediate scratch-pad sizes which can fit some but not all of the data
and code in scratch-pad. Thusinstead of presenting the benefit of the dynamic method for

a fixed scratch-pad size, we measure a range of scratch-pad sizes for which our method
shows an improvement and by how much.

At large sizes the dynamic method degrades a little compared to the static method because dynamic transfers
benefit only a little, and the dynamic method uses a polynomial-time method unlike the worst-case exponential
in optimal static alocation.
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Benchmark Useful range of dynamic method Maximum benefit vs. static
Minimum | Maximum Length % Accesses || SRAM Run-time
SRAM SRAM | of range to SRAM at size gain vsvs.
size size (bytes) | max size (%) || (bytes) static
(bytes) (bytes) (%)
Lpc 210 1600 1390 86 234 23.0
Edge detect 220 950 730 96.0 500 55.0
Gsm 200 1850 1650 85.1 870 35.0
Spectral 200 2000 1800 60.1 800 15.0
Compress 40 2000 1960 96.8 490 60.0
G721 180 2500 2320 98.0 600 55.0
Stringsearch 40 400 360 72.3 280 21.2
Rijndael 7170 8000 830 66.7 7170 54.0
[ AVERAGE | | | | 82.7 | | 39.8 |

Tablell. Useful range of dynamic method and run-time gain vs. static allocation.

Table Il shows, for each benchmark, the range of scratch-pad sizes for which our method
yields an improvement over the static allocation method in [Avissar et a. 2002]; and the
maximum improvement in that range. In particular, columns two through four show the
range of scratch-pad sizes for which our method improves performance as compared to the
static method by at least 1%. Columns two and three present the minimum and maximum
of the useful scratch-pad sizes, respectively, for each benchmark. For example, for the Lpc
benchmark, the dynamic method outperforms the static by at least 1% when the scratch-
pad size is between 210 and 1600 bytes. Column four presents the length of the range.
Columns five is discussed in the next paragraph. Finally, columns six and seven show the
scratch-pad size for which the maximum improvement over the best static alocation is
obtained, and the size of the improvement. 8 The average of the maximum improvements
across benchmarksin the last column is 39.8%.

From table 1l we can derive two salient conclusions. First, our method yields a sig-
nificant run-time benefit for many of the commonly occurring small scratch-pad sizes that
typically appear in embedded systems (under akilobyte for most embedded systems; afew
kilobytesfor some high-end embedded systems). The maximum improvement ranges from
15.0% (Spectral) to 60.0% (Compress); averaging 39.8%. Second, the reason that larger
scratch-pad sizes do not yield a benefit is that larger sizes are not needed for our bench-
marks. Hence larger sizes would not be used, and a lack of improvement for those sizes
is not harmful. To see why, consider that in most programs, a small fraction of the data
accounts for a large fraction of the accesses. If the scratch-pad size is large enough to ac-
commodate this frequently used data using the static allocation, the dynamic method yields
little run-time improvement for that and larger sizes. This reasoning is verified by column
five of table 1. Column five shows the percentage of memory accesses that go to scratch-
pad for the maximum useful scratch-pad size. The high average of 82.7% shows that the
maximum useful scratch-pad size already has good performance for most benchmarks so a

8The maximum improvement configuration shown is not the maximum across all sizes, but is restricted in two
ways. First, only scratch-pad sizes which yield a good absolute performance, defined as sizes for which at least
60% of accesses go to the scratch-pad, are considered for finding the maximum gain. Also scratch-pad sizes
greater than 20% of the total data size are not considered since they are likely to be too expensive to be used. In
this way, we attempt to derive a maximum benefit across feasible scratch-pad sizes only.In the case of range of
sizes, we select the smallest size.
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much larger scratch-padis not needed. Thisisfurther verified by our observation that even
doubling the scratch-pad size compared to the maximum useful scratch-pad sizein column
threeyields only a average 0.6% and a maximum 2.0 % improvement. This shows that the
maximum useful rangeis aready at the point of diminishing returns for our benchmarks,
and hence cost-effective scratch-pad sizes are in the useful range. The maximum scratch-
pad size larger than which diminishing returns are seen is highly application-dependent
and islikely to be larger for applications with larger data sets.

N
o
o

Percentage gain over static

= = [N)

o (92} o (2} o
Percentage gain over static
PN WA O o

o o © & © ©

0 400 800 1200 1600 0 200 400 ) 600 800 1000
Sram size Sram size
(a) Lpc (b) Edge-detect

240
S35
830
25
T 20
015
£10

(2]

Percentage gain

o u

Percentage gain over static
PR e e

ON B~ OOOON N

0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Sram size Sram size
(c) Gsm (d) Spectral
L 70 260
8 ]
®» 60 © 50
5] ]
30 3 40
£ 40 c
T < 30
230 o
220 g 20
c c
810 810
& o 2o
0 400 800 1200 1600 2000 2400 0 500 1000 1500 2000 2501
Sram size Sram size
(e) Compress (f) G721

N
ol

Percentage gain over static

BN

o o o u o
Percentage gain over static
BN WA OO

o o o & © ©

o

H

0 100 200 300 400 0 2000 4000 6000 8000
Sram size Sram size
(g) Stringsearch (h) Rijndael

Fig. 5. Runtime gain from our dynamic method vs. optimal static method for different SRAM sizes.
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Figure 5 shows the same data as in table 11 but in more detail. For each benchmark, the
X-axis varies the scratch-pad size and the Y-axis shows the run-time gain of the dynamic
method in this paper over the provably optimal static allocation method in [Avissar et al.
2002]. From thefigure we see two trends. First, for any given scratch-pad size the dynamic
method does at |east aswell asthe static method and for the small sizes shown, it often does
better. Second, the shapes of the curvesfollows steps; thisis not surprising since those are
the discrete points at which the alocation of individual variablesin the application changes
in either the static or dynamic allocations.

The shapes of the curvesin figure 5 can be understood by why the up-steps, down-steps
and valleys occur. First, an up-step is when the gain from the dynamic method suddenly
increases beyond a certain scratch-pad size; an example is for compress at scratch-pad
size=490 bytes. This happenswhen an increasein the scratch-pad size enablesthe dynamic
method to accommodate an additional variable in the scratch-pad, perhaps by replacing a
lower-frequency variable; while the static method has the same alocation since the ad-
ditional space is not enough for another variable. Thus the dynamic method’s gain over
static increases. Second, a down-step is when the gain from the dynamic method suddenly
decreases beyond a certain scratch-pad size; an example is for compress at scratch-pad
size=790 bytes. This happens when the static method can accommodate some of the ad-
ditional variables in the dynamic allocation and bridge the gap with it. Third, avalley is
when the gain in a certain range is lower than either before or after it; an exampleis for
Edge-detect in the range 350-500 bytes in scratch-pad size. A valley is nothing more than
an down-step at its start and an up-step at itsend. The down-step and up-step occur because
of changesin allocations of different variables.

Experiments on maximum benefit configuration The rest of the experiments vary sev-
era architectural and method parameters to measure the impact. They are conducted for
the smallest scratch-pad size which yields the maximum run-time improvement for our
method versus the optimal static method. The reason for this choice is that presenting all
the remaining data for al the possible scratch-pad sizes yields a volume of datathat is too
large to present. Thus we had to choose one scratch-pad size per benchmark to show the
underlying reasons as to why our method improves performance. The point of maximum
benefit is a good choice to gain such insights. Figure 6 shows the reduction in percentage
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Fig. 6. Percentage of memory accesses goingto Fig. 7. Reduction in energy consumption from
the DRAM and Flash for each benchmark for the dynamic method for the maximum benefit config-
maximum benefit configuration. uration.

of memory accesses going to the non SRAM devices - the DRAM and Flash because of
the improved locality to the scratch-pad afforded by our method. The average reduction
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across benchmarks is a very significant 38% reduction in Flash+DRAM accesses versus
the optimal stetic allocation. The total number of memory accesses actually increases in
our method because of the added transfer code, but the reduced number of accesses to
Flash+DRAM more than compensates for this increase by delivering an overall reduction
in runtime.

Figure 7 comparesthe total system-wide energy consumption of application programs
with our method versus with the optimal static allocation in [Avissar et a. 2002]. Each bar
is further divided into the different energy components namely the DRAM, Flash, SRAM
and processor energy consumption. WWe measured an average reduction of 31.3% in total
energy consumption for our applications by using our method vs. the best static allocation.
This number is noteworthy since it refers to total system energy and not just memory sys-
tem energy. The savingsin energy are because our method reduces the number the number
of Flash and DRAM accesses in the program by converting them to SRAM accesses. Flash
and DRAM accesses cost more energy than SRAM accesses for two reasons. First, these
devicestake more energy to access than SRAM banksin our platform. Theratio of DRAM
bank energy to SRAM bank energy for asingle accessis about 5.7:1 in our energy model;
but this number is highly implementation-dependent. From data sheets [Micron-datasheet
2003; ], we found that the energy cost of our Flash device to be similar to the DRAM
device. So for simplicty, we assume that the ratio of Flash bank energy to SRAM bank
energy for asingle read access is also about 5.7:1. Second, when a DRAM access occurs
in an in-order processor such as our Motorola MCore, the processor is idle while wait-
ing for the DRAM access to complete, but it still dissipates substantial amounts of energy
(although slightly less than when instructions are executing). Most embedded processors
are in-order; superscalars are rare in embedded systems. Current-day technologies to turn
down the processor to alow-energy energy-saving state typically take thousands of cycles
to complete. Thisisinfeasible during a DRAM access which typically only takes 10-100
cycles. Thus the processor burns substantial amount of energy while waiting for aDRAM
access. These reasons can be also verified from the figure. From the figure it can be seen
that on average the 82.5% of the energy consumption in the static case and 52% of the
energy consumption in the dynamic case is consumed by the processor. Consequently the
energy savings in the processor portion by eliminating unnecessary stalls contributes the
most to the total savings. Energy reduction in smaller measure is also contributed by re-
duction in DRAM or Flash accesses or in some cases both. This is accompanied by an
increase in the SRAM portion.

Table 111 shows some whole program and some region stetistics for our benchmarks.
Columns two and three show the number of global and stack variables per benchmark.
There are a substantial number of them in our benchmarks. Column four shows the code
growth (in bytes of code portion) from our method, primarily because of the inserted trans-
fer code, as a percentage of the original code size. The average code growth is a modest
1.8% versus the un-modified origina code for a uniform memory abstraction; such as for
amachine without scratch-pad memory. Column five shows the run time spent in the copy
procedure. Column six shows the number of static regions in each benchmark. Column
seven shows the average static size of regions in instructions. We see that regions contain
about 57 static instructions on average. (In columns six and seven only the regions that
are visited at least once during run-time are counted.) Column eight shows the average
turnover fraction across regions, where the turnover fraction for aregion is defined as the

ACM Transactionsin Embedded Computing Systems, Vol. V, No. N, Month 20Y'Y.



24 . Sumesh Udayakumaran et al.

amount of new data allocated in the scratch-pad for that region expressed as a percentage
of the SRAM size. The average turnover fraction is 11.0%; thus on average 11.0% of the
scratch pad data is new per region. The relatively low turnover fraction shows that the
method is careful not to unnecessarily transfer data: it does so only when beneficial and
when it does bring something in scratch-pad, it retains it for several regions before evic-
tion. The turnover is higher for benchmarks such as Rijndael where transfers are carried
out inside loops.

Benchmark Program statistics Region statistics
# of # of Code | % Runtime # of Ave. Turnover
global stack growth vs incopy || regions | static | fraction (%)

variables | variables | original (%) block (instr) size
Lpc 17 36 1.0 0.1 44 57.3 9.1
Edge Detect 10 9.0 4.1 0.1 24 64.0 0.6
Gsm 39 382 0.2 4.4 156 58.2 6.3
Spectral 12 33 2.4 1.2 28 452 5.6
Compress 8 11 3.2 1.9 39 185 11
G721.Wendyfung 25 57 2.6 2.0 21 49.1 0.5
Stringsearch 6 9 05 16.8 13 134 16.0
Rijndagl 11 58 0.1 49 26 | 134.8 49.0
| AVERAGE I 155 | 833 | 18 | 39 ] 439 ] 570 ] 110 |
Tablelll. Program and region statistics.
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Fig. 8. Run-time gain for different data-transfer Fig. 9. Effect of varying DRAM and Flash la-
methods for the maximum benefit configuration.  tencies on run-time gain from our method for the
maximum benefit configuration.

Figure 8 showstherun-timegainfor different data-transfer strategies between the scratch-
pad and DRAM. Notethat adatatransfer involvesacall to acopy procedure(13lines). Also
at a program point there may be multiple calls to the copy procedure for different address
ranges. The datatransfer strategies that are shown for each benchmark are (i) all-software
transfer (used in all experiments so far in this paper); (ii) transfers accelerated by DMA;
and (iii) ahypothetical zero-run-time (free!) datatransfer mechanism. DMA isahardware
mechanism available in some embedded processors and is discussed in section 6. Faster
transfers can provide additional benefit in two ways. One, dueto lower cost of transfersthe
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allocation method might be able to bring in more variables and in some cases choose a to-
tally different allocation. Two, faster transfers also meansthat the cost of transfersislower.
But comparing the first and third bar, we see that the run-time gain suffers only by 44.6%-
39.8%=4.8% because of transfers. Thisshowsthat in general software transfers can deliver
good performance. Thisis because (as we observed) allocations do not change much with
faster transfers for our benchmarks. Also, our method is largely successful in transferring
data only when doing so yields a benefit; at the same time unnecessary transfers of dead
dataand non-dirty scratch-pad data are not done. Given these reasons, not surprisingly, the
additional run-time gain from using faster transfer mechanismsis small: only an additional
2.5% with DMA transfers. While the runtime increase is modest, another benefit results
because of faster transfers. We observed that faster transfers can result in increase in the
useful range of SRAM sizes for a benchmark: for example G721.Wendyfung benchmark
the useful range of the dynamic method isincreased from 180 to 2500 bytes (all-software)
to 180 to 2700 bytes (DMA).

Figure 9 shows the effect of increasing Flash and DRAM latency on the run-time gain
from our dynamic method versus the best static allocation. Apart from the original laten-
cieslabeled as x, the gainis shown for two other latencies namely twice the original termed
2x and latency four timesthe original termed 4x. Recall that the original DRAM and Flash
latency is assumed 20 cycles. Since our method reduces the number of accesses to Flash
and DRAM, the gain from our method is greater with higher latencies for most bench-
marks. The figure shows that the run-time gain from our method increases from 39.8%
with the original DRAM and Flash latencies to 54.8% with latency 4 times the original
latencies.

Area benefits A different perspective on the impact of our method can be seen by con-
sidering the reduction in area that it can offer to a embedded system designer, who has a
desired performance requirement in mind. To measure the reduction in area, we performed
a study on the area benefits. For lack of a better heuristic, we measured the area benefits
at three different SRAM sizes specified as a fraction of the useful range. These sizes are
25%, 50%, 75% of the useful range. Now we ask, how much additional SRAM size would
be needed by the static method to obtain the same runtime as the dynamic method at these
sizes. For some of these benchmarkslike Rijndael, Spectral the static method already does
as well as the dynamic method at these sizes. This can also be seenin figure 5 where for
these benchmarks the runtime gain at these pointsis small. But for the other benchmarks,
we measured a decent reduction in area ranging from 5% to a high of 220%. On an av-
erage, at these three different sizes of 25%, 50% and 75% we obtain 75%, 43% and 33%
reduction in area respectively. None of these are insignificant when considering that on
chip memory uses upto 50% of the total chip area[Keitel-Sculz and Wehn 2001]

Efficacy of offset assignment Herewelook at the efficacy of our simple offset assignment
pass. As discussed before, our offset assignment pass is made up of two parts — a best
fit memory management along with a limited compaction when an appropriate size hole
cannot be found. To study how well this simple strategy performs, we compare it with a
perfect address assignment method. The perfect address assignment method is assumed
to magicaly fit all the variables at different program points without requiring to sacrifice
any variableto fit another variable or using compaction. Further, at every program point it
needs only one copy procedure and hence the minimum call overhead. Figure 10 shows
the degradation of our method compared to a hypothetical method with perfect address
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assignment pass. Column two of the table shows the run time degradation when compared
to the perfect assignment and column three shows the runtime spent in compaction as a
percentage of the total runtime. The results show that that our address assignment pass
suffers negligible degradation for aimost al the benchmarks and on an average suffers a
1.1% degradation. This happens primarily because, program objects do not live in the
scratch-pad for too long and hence free holes get easily created. Secondly, fragmentation
isamost totally overcome with the help of compaction which at a negligible cost delivers
a huge benefit.

BenChma'r k % Runti me % Runtime B Dynamic Method (Software Transfers)
Degradation in @ Dynamic Method (DMA Transfers)
Vs Perfect Compaction N 200 O Direct Mapped Cache
Assignment £ 160
Lpc 0.0 0 & 120
Edge Detect 81 0 8§ 0 LB
Gsm 0.01 0.00002 5 40l
Spectral 0.04 0.00001 s
Compress 0.02 0.00002 TN
o 0 0 Sy Qeo‘@ @q@* & &5 & 5
Stringsearch 05 0 & eY 9\&\‘& e
Rijndael 0.0 0
AVERAGE 11 ) . .
] | I | | Fig. 11. Normalized runtimefor acache only and
Fig. 10. Comparison of our address scratch-pad only architecture measured for maxi-
assignment with perfect address assignment. mum benefit configuration

Comparison with caches Here we compare our method with an architecture that uses a
cache. It isimportant to note that our method is useful regardless of the results of a com-
parison with caches because there are a great number of embedded architectures which
have a scratch-pad and DRAM directly accessed by the CPU, but have no data cache
or I-cache. Examples of such architectures include low-end chips such as the Motorola
MPC500, Analog Devices ADSP-21X X, Motorola Coldfire 5206E; mid-grade chips such
as the Analog Devices ADSP-21160m, Atmel AT91-C140, ARM 968E-S, Hitachi M32R-
32192, Infineon XC166 and high-end chips such as Analog Devices ADSP-TS201S, Hi-
tachi SuperH-SH7050, and Motorola Dragonball. We found at least 80 such embedded
processors with no D-cache but with SRAM and external memory (usually DRAM) in our
search but have listed only the above eleven for lack of space. These architectures are
popular because scratch-pad is simple to design and verify, and provide better real-time
guarantees for global and stack data [Wehmeyer and Marwedel 2004], power consump-
tion, and cost [Angiolini et al. 2004; Banakar et al. 2002; Steinke et a. 2002; Vermaet a.
2004a] compared to caches.

Nevertheless, it is interesting to see how our method compares against processors con-
taining caches. We choose our desired data capacity as the SRAM size at which the dy-
namic method obtains maximum benefit compared to the static method. Note that this
SRAM size is only an indication of relative gain versus static method. So for purposes
of comparing with caches, it is afairly unbiased choice. To ensure a fair comparison the
total silicon area of fast memory (scratch-pad or cache) is equal in both the architectures
and roughly equal to the silicon area of the scratch-pad. For our experiments we choose
an cache architecture similar to the intel I XP network processor which has an Icacheand a
Dcache of equal sizes. The goal of our experiment isto compare the performance of cache
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and SPM of equal silicon area.® So the desired data capacity is divided equally between
the Icache and Dcache. For a scratch-pad and cache of equal area the cache has lower data
capacity because of the area overhead of tags and other control circuitry. Area estimates
for cache and scratch-pad are obtained from Cacti [Wilton and Jouppi 1996]. The cache
simulated is direct-mapped, has a line size of 8 bytes, and is in 0.5 micron technology.
On a cache miss, we assume the first word incurs the full DRAM latency of 20 cycles
and 1 cycle for each byte thereafter. The scratch-pad is of the same technology but we
remove the decoder, tag memory array, tag column multiplexers, tag sense amplifiers and
tag output driversin Cacti that are not needed for the scratch-pad. The Dinero cache simu-
lator [Dinero Cache Simulator 2004] is used to obtain run-time results; it is combined with
Cacti’s energy estimates per access to yield the energy results.

Figure 11 shows the normalized run time for cached and non-cached architectures. The
first bar represents our method with software transfers. Thethird bar representsthe runtime
with cached architecture. As caches have the advantage of hardware mechanisms for fast
transfer, we thought it would be interesting to compare when our method also can use
some faster transfer mechanism. So the second bar represents our method with faster
transfers using hardware like DMA. Our method does better than cached architecture for
3 of the benchmarks. On the average our method on scratch-pad has 1.7% less runtime
when compared to cached architecture. This increases to 6.7% savings with the help of
faster transfers. Of course, the improvement in real-time guarantees from the scratch-pad
is much larger.

The reason we believe our method does better for 3 benchmarksis that it can correctly
identify the more reused data/code and retains it in the scratch-pad whereas cacheis likely
to evict it even when fetching less used data/code. Thisis especialy significant in case of
programs with large loops and loops with procedure calls in them. In such cases a cached
architecture might do worse because of large transfers. For two benchmarks — Lpc and
Edge-detect the performance of the dynamic method is very close to the cached architec-
ture. But for rest of the three benchmarks namely Gsm, Spectral and Stringsearch cached
architectures do better than our method. These were benchmarks which had some very
large variables which do not fit in the scratch-pad. So while our method cannot fit these
variables into the scratch-pad, the cached architecture which only deals with cache lines
can bring in data bel onging to these variables. Thisis ageneral advantage cached architec-
tures would have over any compile time scratch-pad method. To some extent at least for
regular programs, this gap can be bridged with the help of more aggressive outlining and
advanced array optimization techniqueslike array blocking [Ahmed et al. 2000; Lim et al.
2001],structure splitting [T. M. Chilimbi and Larus 1999] etc. Nevertheless, we believe it
is remarkable for a compile-time method to do so well compared to hardware cache.

8. RELATED WORK

Earlier methods by others on allocating a portion of the datato the scratch-pad include [Ba-
nakar et al. 2002; Hiser and Davidson 2004; Panda et al. 2000; Sjodin et al. 1998; Sodin
and Platen 2001; Steinke et a. 2002; Wehmeyer et al. 2004]. All of these methods are

9Actually since cache must be a power of two in size and Cacti has a minimum line size of 8 bytes, the sizes of
caches are not infinitely adjustable. To overcome this difficulty we first fix the sizes of the Icache and Dcache
to the nearest possible SRAM size. Then a scratch-pad of the same total area is chosen; this is easier since
scratch-pad sizes are less constrained.
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limited in two ways. First, al of them are static methods in that the scratch-pad alloca-
tion does not change across run-time. In contrast our method is a dynamic method which
can change the contents of the scratch-pad during the run of the application. Second, all
of these methods are able to place only global variables in the scratch-pad. Our earlier
method on scratch pad allocation [Avissar et a. 2001; 2002] improved upon the previous
work in being the first method published anywhere that is able to place a portion of the
stack dataiin scratch-pad. We demonstrated large improvements by doing so [Avissar et al.
2002]; thisis not surprising since some of the stack data is frequently used. Further, our
earlier method in [Avissar et al. 2001; 2002] is provably optimal for global and stack data,
and thus supersedes all other static methods. It models the static allocation problem as a
0/1 integer linear programming (ILP) problem which is solved optimally by a solver such
as CPlex [ILOG Corporation 2001]. However, our earlier method is static. This paper
carries our earlier work to the next level in making the allocation dynamic, while retaining
the ability to place stack variablesin scratch-pad.

Some schemes for scratch-pad allocation have had different objectives from ours; three
such objectivesareasfollows. First, the primary goal of the method in [Hiser and Davidson
2004] is to provide an easily re-targetable compiler method for allocation of data across
many different types of memories. Second, the goal of the work in [Angiolini et al. 2004;
Verma et al. 20044a] has been to map portions of the code of the application to the scratch-
pad memory; our goa is to map both data and code. Some methods such as [Steinke
et al. 2002; Wehmeyer et al. 2004] can place both code and data in scratch-pad; however,
their alocation is static and does not handle stack variables. Third, the goal of the work
in [Angiolini et al. 2003; Udayakumaran et al. 2002] is to map the data in the scratch-pad
among its different banks in multi-banked scratch-pads; and then to turn off (or send to a
lower energy state) the banksthat are not being actively accessed.

Schemes also have been proposed which use a hardware approach for managing the
scratch-pad. [Angiolini et al. 2003]. Angiolini et a select a set of memory address ranges
based on their access frequency and map them to the scratch-pad. A special decoder is
then used to tranglate the addresses to locations in the scratchpad. The above approach
is based on hardware customization instead of software/compiler customization like our
method. Although, hardware customization has the advantage that approaches based on
it do not require application source to be available, the applicability of the approach is
limited to only architectures which have the required special hardware. An extension of
the above approach was proposed by Francesco et a. in [Francesco et al. 2004] who used
a combination of hardware and software techniques to manage the scratch-pad at runtime.
Specia hardware needed included a DMA engine and a configurable dynamic memory
management. Software support is mainly in the form of high-level API's. Apart from the
limitation of specia hardware the other drawback of the approachisthat it being aruntime
approach, it would not be well suited for real time applications with high predictability
reguirements. One advantage though is that it can adapt to dynamic applications better.

Purely dynamic memory allocation strategies to date are mostly restricted to Software
Caching [Hallnor and Reinhardt 2000; Moritz et a. 2000]. Software caching emulates a
cachein SRAM using software. Thetag, dataand valid bits are all managed by compiler--
inserted code at each memory access. Software overheadisincurredto managethesefields,
though compiler optimizes away the overhead in some cases [Moritz et a. 2000]. [Moritz
et al. 2000] targetsthe primary cache; [Hallnor and Reinhardt 2000] managesthe secondary
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cachein desktops. The only software caching scheme that is a competitor is[Moritz et a.
2000]; it however does not measure speedup vs. an al-DRAM allocation, and does not
quantify its overheads. All software caching techniques suffer from significant overheads
in runtime, code size, data size, energy consumption, and result in unpredictable runtimes.
Our dynamic allocation method overcomesall of these drawbacks.

Many studies [M.Kandemir et al. 2001; Steinke et al. 2002; Vermaet al. 2004b; C. Eisen-
beis and Fran 1990; Anantharaman and Pande 1998; R. Schreiber 2004] have been pro-
posed that consider dynamic management of the scratch-pad. However, only the strategy
by [Vermaet al. 2004b] is a generally applicable solution like ours. To better understand
the merits and demerits of these various approaches, these can be divided into two cate-
gories based on if scope of the method is at the level of aloop or the whole program. The
approachesin [Steinke et a. 2002] and [Verma et al. 2004b] are whole program solu-
tions and are based on ILP formulations with the primary objective of minimizing energy
consumption. While Steinke et a in [Steinke et a. 2002] only consider program objects,
Verma et d’s scheme in [Verma et al. 2004b] is a comprehensive ILP formulation and
considers both data and program objects. So for a detailed comparision we do not dis-
cuss the approach in [Steinke et al. 2002] further. The second category of approaches
[M.Kandemir et a. 2001; C. Eisenbeis and Fran 1990; Anantharaman and Pande 1998;
R. Schreiber 2004]. consider each loop nest separately. The next few paragraphs will
make a detailed comparison of our approach with [R. Schreiber 2004; M.Kandemir et al.
2001; C. Eisenbeis and Fran 1990; Anantharaman and Pande 1998] and [Verma et al.
2004b].

The methods in [R. Schreiber 2004; M.Kandemir et a. 2001; C. Eisenbeis and Fran
1990; Anantharaman and Pande 1998] only allocate global arrays unlike our method which
is comprehensive and can allocate global, stack and program code. To compare the global
data allocation part of our method with theirs, like our method, these schemes also move
data (only global) between DRAM and the scratch pad under compiler control. The pri-
mary distinguishing feature of these dynamic methodsisthat they are focussed on optimiz-
ing perfectly nested loop nests for scratch-pad accesses. So these methods while consider-
ing each loop independently all ocate parts or whol e variables accessed in the loop nest into
the scratch-pad. The local analysis makes available the entire scratch pad for each loop
nest. In contrast, our method is globally optimized for the entire program. Our method
is aso not constrained to make the entire scratch-pad available for each loop nest; instead
it may choose to retain data in the scratch-pad between successive regions thus saving on
transfer time to DRAM.

Another limitation of these methodsistheir limited applicability which stems from these
method only targeting arrays accessed through affine(linear) functions of enclosing loop
induction variable. Thus these cannot handle non-affine accesses such as accesses us-
ing pointers or indexed array expressions. These methods are also restricted in their use
because the required affine analysis for these methods can be only done for only well
structured loop without any other control flow such as if-else, break and continue state-
ments.In contrast, our method is completely general and is able to exploit locality for all
codes, including unstructured code, code with irregular accesses patterns, variables other
than arrays and code with pointers.

These method do have one advantage over our data allocation scheme, though. For reg-
ular affine-function codes matching their restrictions, they can, unlike ours, alow for the
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possibility of bringing in parts of an array instead of the whole array. Thisis an important
advantage for their method for such regular codes. This aspect of their work is comple-
mentary to our work, and some approach based on affine functionswill benefit our method
for this reason. We have investigated such a strategy that is able to transfer parts of an
array into the scratch-pad based on affine analysis, but takes awhole program view, and is
integrated with the rest of our method so as to not sacrifice its generality [Udayakumaran
and Barua 2006]. Nevertheless the method in this paper is useful by itself as well because
affine-specialized methods are not a substitute for this method — our method handles non-
affine codes and affine-specialized one’s do not. Further our results are also valid since
they are an under-estimate: our run-time gain against static allocations can only improve
when combined with affine-specialized method.

The recent paper by Vermaet a [Vermaet al. 2004b] a so implements a dynamic strat-
egy similar to ours. Their approach is motivated by the ILP formulation for global register
alocation [Goodwin and Wilken 1996]. Both parts of the problem - finding what vari-
ables should be in the scratch-pad at different points in the program and what addresses
they should be at -are solved using ILP formulations. Then like our method codeisinserted
to transfer the variables between the scratch-pad and DRAM.

Being ILP based, their solution is likely to be optimal in the solution space they have
defined; however, ILP based solutions have some fundamental issues that limit their use-
fulness. One, ILP formulations have been known to be undecidablein theworst caseandin
many practical situations are NP hard. Their solution times, especialy for large programs
can be exponential. Using ILP solutionsis also constrained by issueslike intellectual prop-
erty of source code from different vendors, maintenance of the resulting large combined
code and the financial cost of ILP solvers. Dueto these practical difficulties of ILP solvers,
it is very rare to find ILP solvers as part of commercial compiler infrastructures despite
many papers being published that use |L P techniques.

One another drawback of their approach is that like global register allocation methods,
the solution though optimal is per procedure. In other words the formulation does not at-
tempt to exploit for reuse across procedures. Thismight lead to some data being needlessly
swapped out even if retaining it in the scratch-pad might be more beneficial acrosstwo pro-
cedures. Now even if avariable remainsin the scratch-pad in both the procedures and can
be identified thus, its offsets in both the procedures could be different. So code between
two procedureswould need to copy datafrom old offsets to new offsetsfor all the variables
that remain in the scratch-pad. Similar costs exist for register allocation as well, but in the
case of register alocation spilling some registers and rel oading them again at the end of
the procedure is not as expensive. Spilling contents of scratch-pad even if selectively and
reloading at the end of procedureislikely to much more expensive. One, latency to access
the next level of storage the DRAM is many orders higher (10-100 times). Two, the size
of the scratch-pad is likely to be larger. And finally, selective spilling of only used offsets
is not easy because of aggregate variables like arrays. Hence its much more important
that the copying cost be minimized in the case of scratch-pad memory allocation. In other
words, for scratch-pad memory allocation interprocedural approaches are important.

One possible remedy to the problem might be to consider extending the formulation to
work with an interprocedural interference graph. This is not practically feasible for the
same reasons as why interprocedural register allocation schemes based on interprocedural
interference graphs would not work. One, the interference graph is likely to be very large
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and two, the I LP solution which grows linearly with the number of edgesx variableswould
only become more difficult to solve. Henceinterprocedural approacheshaveto be different
from per procedure approaches.

In contrast our scheme al so considersinteractions across different regionsincluding pro-
cedures. This becomes possible because of our interprocedural approach. Our method's
algorithmic complexity is polynomial even in the worst case and hence can find an inter-
procedural solution efficiently. Consequently our approach may chooseto retain some data
between procedures and thus minimize the copying overhead.

An issue that is not addressed in [Verma et al. 2004b] is the issue of correctness in the
presence of pointers. To address this, the ILP formulation would need to be extended to
include one more extra constraint that the offsets be the same in both the locations namely
when the addressistaken and when the pointer is dereferenced. Thedrawback of thisisthat
it would make the formulation still harder to solve. In our scheme instead of making our
offset assignment phase more constrained we adopt a dynamic approach. We use aruntime
structure to maintain the current location of the variable pointed to by a pointer. Before
a dereference the pointer is updated with the new address from this data structure. The
details can befoundin the section 5. We find that the dynamic scheme ensures correctness
with very little overhead. A final drawback of the schemein [Vermaet al. 2004b] isthat it
does not discuss how the compiler generates code to make use of the allocation decisions.

Our work is in some aspects also analogous to the offline paging problem first formu-
lated by [Belady. 1966]. The offline paging problem deals with deriving an optimal page
replacement strategy when future page references are known in advance. Analogously we
look at finding amemory allocation strategy when program behavior is known in advance.
Offine paging, however, cannot be used for our purposes since it makes its page trans-
fer decisions at runtime (address translation done by virtual memory), while we need to
associate memory transfers with static program points.

Comparison with caches Other researchers have repeatedly demonstrated [Angiolini
et a. 2004; Banakar et al. 2002] the power, area and run-time advantages of scratch-pad
over caches, even with simple static allocation schemes such as the knapsack scheme used
in [Banakar et a. 2002]. Further, scratch-pads deliver better real-time guarantees than
caches. In addition, our method is useful regardless of caches since our goal is to more
effectively use the scratch-pad memory already present in a large number of embedded
systems today such as the intel I XP network processor, ARMV6, IBM’s 405 and 440 pro-
cessors, motorola’ s6812 and MCORE and TI TMS 370. It is neverthelessinteresting to see
a quantitative comparison of our method for scratch-pad memory against a cache. Section
7 presents such acomparison. Overall our method does slightly better than caches, but for
some benchmarkswhich deal with large program object that do not fit into the scratch-pad,
caches give better results.

Some embedded systems allow both a scratch-pad and a cache to be present. Examples
of such processor are Intel IXP and IBM 405 processors. For such processors our method
is best applied by placing the data as dictated by our method in scratch-pad, and placing
all the remaining data, assumed to bein DRAM in our method, in cached (DRAM-backed)
address spaceinstead. Inthisway, the real-timeimprovementsfrom scratch-pad allocation
areretained for all frequently used variables. Thisis not the case with previous methodsfor
cache-aware scratch-pad placement such as [Panda et a. 2000] and [Verma et al. 2004a]
where frequently used variables are sometimes placed in cache; leading to poor real-time
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bounds for their access. Further both the methods are static and apply to only some kind
of variables. While the method in [Panda et a. 2000] is limited to global variables, the
method in [Vermaet a. 20044a] presents an approach for placing instruction traces with the
objective of energy minimization. In contrast our method for runtime reductionis dynamic
and applicable for both instruction objects (procedures) and data(global/stack) variables.

9. CONCLUSION AND FUTURE WORK

This paper presents compiler-driven memory all ocation scheme for embedded systems that
have SRAM organized as a scratch-pad memory instead of ahardware cache. Most existing
schemes for scratch-pad rely on static data assignments that never change at runtime, and
thus fail to follow changing working sets; or use software caching schemes which follow
changing working sets but have high overheadsin runtime, code size memory consumption
and real-time guarantees. We present a scheme that follows changing working sets by
moving data from scratch-pad to DRAM, but under compiler control, unlike in a software
cache, where the data movement is not predictable. Predictable movement implies that
with our method the location of each variable is known to the compiler at each point in the
program, and hence the transl ation code before each load/store needed by software caching
is not needed. The benefit of our method depend on the scratch size used. When compared
to aprovably optimal static allocation, results show that our scheme reduces runtime by up
to 39.8% and overall energy consumption by up to 31.3% on average for our benchmarks,
depending on the scratch-pad size used.

A direction for future research can be to extend the scheme for multi-tasking environ-
ment. Our future work will explore different strategies which have different varying needs
for performance and predictability.
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