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Abstract—Cache memory has been broadly used to improve 
the system performance in today’s Personal computers (PC’s). 
However, due to some weaknesses of caches, especially the 
unpredictability memory access latency, many embedded systems 
today use a small and fast on-chip memory, known as scratchpad 
memory (SPM). The allocation of data in scratchpad lies in the 
hand of software and is performed during the compilation times, 
which makes the memory access latency predictable. In any real-
time systems, this is the major cause that will reduce the worst-
case execution time (WCET) of each task. Hence, by knowing the 
most beneficial data to be the member of scratchpad residents, 
more chances there are to reduce the execution time of a task. 
The SPM allocation strategies can be classified into two 
categories – static and dynamic. Both techniques aim for better 
timing constraint and increase performance of the execution 
time. Static and dynamic allocation techniques can be 
implemented on different types of system – real-time and non-
real-time systems. In this paper, we present the comparison for 
the two types of scratchpad allocation techniques on two different 
types of systems. 

Keywords—Memory allocation, scratchpad memory, embedded 
systems 

I.  INTRODUCTION 
Since the invention of the first personal computer in 1970s, 

the processor speed has increased dramatically at 
approximately 55% per year. On the other hand, memory speed 
has increased only approximately at 7% per year [9]. Thus, this 
disparity has created the “memory wall” problem or also 
known as “memory gap” problem [1], which has become an 
overwhelming bottleneck in computer performance. Cache has 
become the most popular approach to relieve the memory wall 
problem in desktop systems. However, cache has two major 
problems. Firstly, it consumes a lot of energy and also the part 
that devours the most power in embedded systems [10]. 

Secondly, because of the unpredictability behavior, it 
complicates the analysis of the worst-case execution time 
(WCET) of a program. In that sense, because of cache inability 
to enhance embedded applications based from the mentioned 
factors given above, an innovated on-chip static random access 
memory (SRAM) known as scratchpad memory (SPM) has 
been proposed. 

 

 

 

 

 

 

 

 

 
 

Fig. 1: SPM architecture. 

SPM is the on-chip SRAM that is managed by the software 
(compiler). Due to its managing behavior, SPM is capable of 
operating better than cache in planning and arranging the 
movements of data between on-chip and off-chip memory, thus 
can guarantee better timing predictability. As shown in the 
architecture of SPM in figure 1, it is located together with the 
on-chip component, hence makes it more beneficial compared 
to off-chip memory. Basically, part of the address on memory 
space from the off-chip memory has been mapped into the 
address space of the processor. This is due to the reasons that 
unlike cache, SPM has already selects the data before the 
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execution of the system started. Hence, the data on the 
scratchpad memory will be accessed whenever the address 
requested falls within the pre-defined address range, which has 
been allocated into the scratchpad. Figure 2 shows the part of 
off-chip memory that is allocated into SPM. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2: Part of off-chip memory that is allocated into SPM. 

SPM offers number of advantages, compare to hardware-
managed cache. Previous research also proved that SPM 
consumed 40% less energy consumption compared to the 
cache of the same capacity [2, 3]. This is mainly because SPM 
does not require complex tag-decoding logic as in cache 
memory. It only consists of memory array and address 
decoding circuitry. Therefore, it has less energy consumption 
per access and thus it is more cost efficient compared to the 
cache. A lot of papers have been published on the efficient use 
of SPM in embedded systems [2, 4, 7, 8, 11, 12, 16, 17, 18, 19, 
20, 22, 23]. 

Static SPM allocation techniques assume that the live range 
of each SPM resident is equal to the entire duration of the 
program execution. Therefore, no two SPM residents can share 
the same area of SPM. The benefit of static allocation is it 
guarantees the time predictability and fast allocation at the 
compiler stage due to its less complexity. In this method, the 
most frequently used data, as revealed by profiling, will be 
placed by the compiler with no transfers taking place between 
these memories during the execution phase. This method is 
good for large memory size. Most of the techniques in this 
category only consider using SPM in non-real-time 
applications. The techniques only aim to minimize the average-
case execution time (ACET) or the energy consumption of a 
single task. 

In contrast, dynamic SPM allocation techniques allow data 
to be dynamically swapped into and out of the SPM during 
program execution by analyzing and utilizing the live ranges of 
all objects. If the two SPM resident candidates do not overlap, 
they can be allocated at the same area in SPM. The aim is to 
keep frequently used data in a region of on-chip memory 
during the execution of that region. This method improves the 
scratchpad utilization and is good for small memory size. The 

techniques for this category minimize the worst-case execution 
time (WCET) or the energy consumption of a single task. 

There are various techniques that have been developed and 
used by various researchers in solving the allocation problems. 
Integer linear programming (ILP) based-method is a linear 
program in which some or all variables are restricted only to 
integer values. Solving the problem using the ILP is NP-hard 
problem since there is no known polynomial-time algorithm to 
solve the problem. The main idea of using the ILP formulation 
is to calculate for any selected data as the SPM resident, with 
the cost, it will compute the most optimal solution or the 
minimum execution time. Another method is known as Greedy 
heuristic method. Any given problems that need to be solved 
using the greedy algorithm mean that the solutions are the best 
at the moment. However, there are some disadvantages of 
using the greedy heuristic method. Usually the method does not 
always yield the best solution but it can be considered the 
simplest and most efficient algorithms available to solve the 
SPM allocation. 

In this paper, we study the differences between both static 
and dynamic data allocation techniques to SPM. The 
comparison is also based on the two different types of systems 
that use SPM on their architecture, which are real-time systems 
and non real-time systems. 

The rest of this paper is organized as follows. Section 2 
presents the previous related works. Section 3 discusses our 
finding from the comparison. Finally, in section 4, we conclude 
the paper and discuss some future work. 

II. LITERATURE REVIEW 
This section reviews the related works done by other 

researchers in allocating the code/data to scratchpad memory. 
Since both allocation techniques can be implemented together 
with two different types of systems, we classified and discuss 
the related works based on the types of the system. 

A. Non Real-Time Systems 
The memory allocation techniques for non-real time 

systems are mainly focusing on reducing the average-case 
execution time (ACET) of tasks, due to the reason that a 
process is not occurring immediately. This is to ensure that any 
feasible path can be exploited by the SPM as optimal as it can 
during the execution of a task. Generally, this allocation 
strategy is done by finding the most beneficial or access data 
that will significantly optimize the whole path and allocate it 
into the SPM. Among existing static allocation technique to 
SPM include [2, 4, 7, 8, 11, 12, 16, 17, 18, 19, 20, 22, 23] and 
many more. On the other hand, some existing dynamic 
allocation techniques to SPM include [5, 14, 15, 24, 25, 26] 
and many more. 

 
Static allocation method 

In near the beginning, [8] proposed a partitioning strategy 
where only scalars are assigned to SPM and arrays that are 
larger than scratchpad size is kept in the DRAM. Later on, the 
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study by [2] presents a better static approach for selection of 
on-chip memory configurations. Their works is similar with 
[16] and [17] where the method is restricted for only the 
allocation of global variables. Although [17] method on 
statically allocates global variables to SPM, they also assume 
the existence of cache on top of the scratchpad. Thus, their goal 
was not just to improve the performance of ACET, but the 
main reason was to minimize the conflict among the variables 
in data cache. Unlike the method of allocating only the global 
variables to SPM, the works done by [11, 12, 18, 19] have 
extended the works and managed to allocate both global and 
non-recursive stack variables to SPM. There is also a research 
that statically trying to allocate code to SPM. Some of them 
include [20, 21] where they presented their works that aimed to 
allocate code segments to SPM. Part of the codes are selected 
for the SPM resident will increase performance of the energy 
saving. There are also other static methods that have been 
proposed besides allocating only data or code to SPM. The 
works by [22, 23] offers a new way in allocating objects to 
SPM by selecting both code and data as candidates for SPM 
resident. 

With not presume the presence of cache, [12] also propose 
a 0-1 ILP solution to optimally allocate global and stack 
variables to SPM. Similar ILP solution technique was also been 
done by [18]. [20] approach discovers the most beneficial code 
segment to be the resident of SPM. The same objective was 
also done by [23], which focuses more on selecting object to be 
placed on scratchpad such that the power consumption can be 
minimized. They formulate an ILP-based allocation strategy to 
allocate both data and instruction into the SPM. Unfortunately, 
there are some disadvantages of using the ILP based-method. 
[5] claims that ILP approach can be expensive if applied to 
large applications with lots of program data and the feasibility 
of the two approaches for large programs are uncertain. In 
addition, the solution obtained from the formulation also is not 
necessarily optimal or may be far from the optimum. However, 
formulating problems using ILP give more focus towards the 
modelling of the problems, rather than searching for a new 
algorithm. ILP formulations also guarantee the finding of 
approximate solutions and even finding the optimal solutions.  

 
Dynamic allocation method 

Dynamic SPM allocation has been proposed by some 
researchers to enable data or instruction to be copied into and 
out during execution. Most works on dynamic methods are the 
improvement from the static methods. Among existing 
dynamic allocation techniques to SPM include [3, 5, 6, 13, 14, 
15, 24] and many more. 

As early as in 2001, [24] succeed to utilize loop in the 
program that can place global and stack array to SPM, without 
any selection of other variables as the candidate for the 
resident. However, their work is restricted to only well 
structure loop kernels. Based on data access pattern, [25, 26] 
allow the data on SPM space to be dynamically changed during 
the runtime with the main goals to improve the performance of 
energy consumption. [26, 14] also proposed a dynamic SPM 

allocation technique but restricted to the allocation of both code 
and as well as global and stack data to the SPM. The only 
different was the technique where [26] uses an ILP 
formulation, whereas [14] using a polynomial-time heuristic. 
[5] proposed the memory-coloring technique, which 
dynamically allocating the arrays in a program to the SPM. 
Their technique solves the problems of the mapping of array 
address to the SPM spaces. Another dynamic method for SPM 
allocation is in [3], which presents a dynamic compiler-directed 
allocation method for recursive function stack data, which is 
able to place a portion of recursive stack data in scratchpad. 
Although many research and works have been done on 
developing techniques for efficient allocation to SPM, these 
techniques have limited aim at reducing the ACET, which do 
not provide timeliness guarantee in embedded real-time 
systems compared to WCET. Since the ACET may not be the 
worst-case execution path, these techniques are not suitable for 
real-time systems [6]. 

B. Real-Time Sytems 
Not much work has been done on SPM allocation for the 

real-time systems. The challenge of data/ instruction allocation 
in real-time systems is different compared to non real-time 
systems. The main goal is to find and select the most 
appropriate and beneficial data to be the SPM resident that will 
lead to the reduction of all WCEP candidate such that any path 
is executed before the deadline. Even though the challenge is 
interesting, but unfortunately not much work have been done 
on SPM allocation for the real-time systems. 

 
Static allocation method 

On static allocation technique, [7] propose a technique for 
data memory that aims to minimize the WCET of a task. 
However, they only considered single execution path for 
finding the most beneficial data for SPM allocation. It will be 
more beneficial if multiple paths can be considered so that only 
the most valuable data will be allocated on the SPM. [7] also 
uses the ILP formulation and greedy heuristic approach to find 
the optimal solutions of the problems. The greedy heuristic 
technique allocates the most optimum choice of data to SPM 
on every iteration without knowing whether the selection of 
data is also the best selection for other worst-case execution 
path (WCEP). The selection of data using this technique will 
make the longest path changes to other path, thus it needs to re-
estimate the WCEP again. This process will keep continue until 
the size of SPM is full or all the data have been allocated to 
memory. The greedy heuristic algorithm by [7] is as shown in 
Algorithm 1.  

 
Dynamic allocation method 

[6] propose a dynamic algorithm for allocating code 
portions in on-chip memories, which selected off-line and 
support both locked caches and SPM. The algorithm that they 
proposed aims to minimize the task WCET estimate, but the 
work focuses on dynamic loading of code, not the data 
allocation. However, since their technique employs a greedy 
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approach for contents selection and also there is no calculation 
is performed during runtime, the problem is still considered as 
static. In addition, the final result is very poor as there is some 
wasted space left if there is no basic block can fit the remaining 
space in SPM. [27] proposed a WCET-directed algorithm to 
dynamically allocated static and stack data of a program to 
SPM. On their method, firstly they analyzed the memory 
accessed to data along the WCEP of the program. Then a 0/1 
ILP problem is formulated to select these data for dynamic 
SPM allocation. 

Very few researches have been done for dynamic SPM 
allocation on real-time system. This is due to the drawback that 
the system might face compared to static technique. The main 
weakness is the large overhead, which may lead to slower 
execution. The increased of code size also might initiate the 
increasing in power consumption. Hence, it can be concluded 
that like caches, dynamic allocation to SPM in real-time 
systems also can be considered like caches, which have poor 
real-time guarantees. 

 

Algorithm 1: Data selection for SPM allocation 
1: allocation := Ø; 

capacity := scratchpad_size; 
change := TRUE; 

2: perform WCET analysis to obtain worst-case path Π; 
3: while (capacity > 0 AND change = TRUE) do 
4: change := FALSE; 
5: V := {v|v is an unallocated variable accessed in path Π, 

areav ≤ capacity}; 
6: if V ≠ Ø then 
7: find the variables v ϵ V with the maximum 

contribution towards the execution time of Π; 
8: allocation := allocation ∪ {v}; 
9: capacity := capacity – areav; 
10: change := TRUE; 
11: perform WCET analysis to compute the new worst 

case path, Π; 
12: end if 
13: end while 
14: return allocation; 
__________________________________________________ 

III. DISCUSSIONS 
SPM has been proposed to be used as a replacement for 

current local on-chip memory. Recent widely used cache 
memory has number of disadvantages even though it also has 
single processor cycle access latency as SPM. Table 1 shows 
the comparison between cache and SPM in terms of advantages 
and disadvantages. 

Both static and dynamic allocation techniques have their 
own advantages and disadvantages. Based on the literature 
review, the discussion and conclusion for both techniques are 
presented on Table 2. 

IV. CONCLUSIONS 
The main contribution of this paper is the review on two 

types of data/instruction allocation to scratchpad memory, 
without the existence of cache. As reviewed we can conclude 
that there are 3 main advantages when using SPM. Firstly, is 
the timing predictability. Since the compiler controls the 
allocation of data or instruction, we can minimize the latency 
for off-chip memory access. Secondly is the energy efficiency. 
Research has proven that by minimizing the access to off-chip 
memory, the energy consumption will be reduced. Finally, is 
the runtime efficiency. With the control of timing behavior and 
energy consumption, we can achieve better performance 
especially for embedded system, which has a very limited 
resource. 

In the future, we are interested in working with scratchpad 
memory for static and dynamic data allocation on both single 
and multi-tasking environments. Our main interest however is 
in real-time systems. 

TABLE I.  CACHE MEMORY VS. SCRATCHPAD MEMORY. 

Cache Memory Scratchpad memory 

Larger in size Smaller in size 

Hardware controlled 
- Unpredictable data access 

time 

Software controlled 
- Mapping by user 
- Timing predictability 

Subject to compulsory, capacity 
and conflict misses 
- Variable latency 

Always result in a hit if requested 
data/code is within the data range 
- Fixed latency 

Dynamically self-adapting Tuned for the current application 

Energy consumption 
- Complex tag decoding logic 

Reduce energy consumption 
- No tag memory 

 

TABLE II.  THE COMPARISON FOR BOTH STATIC AND DYNAMIC 
DATA/CODE ALLOCATION TO SPM 

Static allocation Dynamic allocation 

Good for large size of SPM Good for small size of SPM 

- Allocate code, static data, 
stack, heap - Allocate code, data or both 

Used partitioning method 
- Calculate and select only the 

most beneficial resident 
- Knapsack problem 
- Load selected memory block 

for the whole execution 
 
 
 

Reload the memory contents when 
the execution reaches certain 
points 

- Large overhead in replacing 
the SPM resident 

- The increased of code size 
also might initiate the 
increasing in power 
consumption 

Limited to applications with 
small memory requirement 
 
 

Unrestricted to applications based 
on available memory space 
- Increase scratchpad 

utilization 
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