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Abstract—Current loop buffer has been mainly explored as
an effective architectural technique for low-power execution in
embedded processor. Another avenue, however, for exploiting
loop buffer is to obtain its performance benefit. In this paper,
we propose an application specific loop buffer organization for
vectorized processing kernels, to achieve low-power and high-
performance goals. The vectorized loop buffer (VLB) is simplified
with single loop support for SIMD devices. Since significant
data rearrangement overhead is required in order to use the
SIMD capabilities, the VLB is specialized for zero-overhead
implicit data permutation. We extend several instructions to the
baseline ISA for programming and integrate it into an embedded
processor for evaluation. Our results show that VLB improves
the performance and power measures significantly compared to
conventional SIMD devices.

I. INTRODUCTION

High-performance and low-power are the two most im-
portant criteria for multimedia processor designs. Due to the
limited power-supply capability of current battery technology,
we are facing a dilemma that has two design problems to
conquer, and they are considered to be problems of opposite
natures. There have been many approaches to achieve these
two design goals. One promising approach is to incorporate
SIMD devices into the baseline processors that exploit data-
level parallelism (DLP) in the form of SIMD instructions
[1], [2]. It can leverage new opportunities for obtaining large
performance gains at low-cost (low hardware occupation, low-
power). SIMD devices are ubiquitous in embedded processors
ranging from DSP [1] to gaming machines (CELL [2]).
However, the SIMD architecture can be further optimized by
loop buffering.

The loop buffering is usually regarded as an effective
scheme to reduce energy consumption in the instruction mem-
ory hierarchy [3]. It stores a segment of loop codes in a small
direct-mapped cache instead of a conventionally large instruc-
tion cache, which reduces the power consumption. However,
its benefits, such as loop-back branch prediction, elimination
of taken-branch bubbles, and fast instruction access time make
it a good scheme for performance improvement.

In this paper, a vectorized loop buffer (VLB) for SIMD
devices is proposed. It is specialized to reduce the overhead
instructions that are required to assist the SIMD computa-
tion instructions by rearranging data and handling the loop
branches and address generation [4], [5].

The first specialization of VLB is to employ implicit data
permutation (IDP) mechanism into its organization via a

special designed permutation vector register file (PVRF) [4].
It permits reducing the rearrange overhead of data array at the
time of reading them. The second specialization is achieved
by designing the simplified single loop buffer organization
with flexible loop branch handling and vector memory address
generation, which can further reduce the cost and power.
We extend several instructions to the baseline ISA for VLB
programming and integrate it into a embedded processor
for evaluation. Our results show that VLB can significantly
improves the performance and power measures of conventional
SIMD devices.

II. SPECIALIZATION OF LOOP BUFFER

Generally, the loop behavior of multimedia kernels can be
classified into two different types: the static loop is usually
fixed counted while the dynamic loop is usually variable
counted or while type. In each loop body, the typical vector
memory access patterns can be classified into four different
types: constant access, sequential access, misaligned access,
and strided access, as will be partly shown in Figure 2.

Consider the following simple code segment, assuming
array 𝑎, 𝑏, and 𝑐 are aligned.

for(int i=0; i<SIZE; i++)
if(a[i] > b[i])
c[i+1]=a[2i]+b[i+2];

To vectorize this loop, three techniques can be used: 1)
if-conversion (𝑖𝑓(𝑎[𝑖] > 𝑏[𝑖])) [6], 2) misaligned handling
(𝑐[𝑖 + 1], 𝑏[𝑖 + 2]) [7], 3) data reorganization (𝑎[2𝑖]) [4].
The vectorized implementation of this loop is shown in Code
1. The useful SIMD operations are shown in bold. All the
other operations are regarded as overhead instructions. We can
see that, 19 out of 24 instructions in the loop are overhead
instructions.

Provided the loop characteristics existing in multimedia ker-
nels, adopting loop buffer design into SIMD devices requires
specializations in the following three aspects.

∙ Specialization for data permutation handling: Efficient
implementation of data permutation in loop buffer to
satisfy the SIMD processing is very important for per-
formance improvement [5].

∙ Specialization for address generation: Simple and ef-
fective address generator is a key to the performance
improvement of program.

∙ Specialization for loop handling and programming: The
loop buffer should be more general to extend its capability
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Fig. 1. Block diagram of VLB

Code 1 Example for loop overhead operations
1: i=0; // Initialization
2: V3 = vload(b); // SIMD load of b[3:0]
3: V5 = vload(c); // SIMD load of c[3:0]
4: V7 = vperm(V5, 0, p1); // Pattern {V5[0],0,0,0}
5: L0: V1 = vload(a); // SIMD load of a[3:0]
6: a=a+4; // Address calculation
7: V2=vload(a); // SIMD load of a[3:0]
8: a=a+4; // Address calculation
9: b=b+4; // Address calculation
10: V4=vload(b); // SIMD load of b[3:0]
11: c4=c+4; // Address calculation
12: V6=vload(c4); // SIMD load of c[7:4]
13: V10 = vcmp(V1, V3); // SIMD compare
14: V1 = vperm(V1, V2, p2); // Pattern {V2[2],V2[0],V1[2],V1[0]}
15: V3 = vperm(V3, V4, p3); // Pattern {V4[1],V4[0],V3[3],V3[2]}
16: V5 = vperm(V5, V6, p4); // Pattern {V6[0],V5[3],V5[2],V5[1]}
17: V6=V1+V3; // SIMD computation instructions
18: V8 = select(V5,V6,V10); // select from V5 and V6
19: V7 = vperm(V7, V8, p5); // Pattern {V8[2],V8[1],V8[0],V7[3]}
20: c=vstore(V7); // SIMD store of c[3:0]
21: c=c+4; // Address calculation
22: V1 = V2; // Value propagation for loop
23: V3 = V4; // Value propagation for loop
24: V5 = V6; // Value propagation for loop
25: V7 = V8; // Value propagation for loop
26: i=i+4; // Branch related overhead
27: cmp(i, SIZE); // Branch related overhead
28: JS L0; // Branch Overhead
29: V7 = vload(c); // SIMD load of c[3:0]
30: V7 = vperm(V7, V8, p6); // Pattern {V7[3],V7[2],V7[3],V8[3]}
31: c = vstore(V7); // SIMD store of c[3:0]

to dynamic loops. The operations provided by loop buffer
should not change existing ISA and facility the ease of
use for the programmers.

III. VLB APPROACH

A. VLB Microarchitecture

Figure 1 shows the internal organization of a SIMD archi-
tecture enhanced with VLB. The modified part is presented in
gray color as shown in Figure 1(a). It is designed to easily
adapted to existing SIMD architectures. Four new hardware
components are introduced, namely a loop controller (LC), a
loop buffer, a address generator (AG) as well as PVRF.

Rather than proposing a more complicated power con-
suming loop buffer structure, this buffer is managed simply
by hardware supporting only one loop at one time. The

nested-loops are supported by transforming them into simple
ones using techniques such as loop peeling, loop collapsing.
Figure 1(b) illustrates its detailed structure. For static loop,
branch related to loop increments (based on indices used for
referencing data) is stopped by pre-defined count. For dynamic
loop, the branch related to runtime behavior is stopped by
testing certain condition register. The buffer has three fields:
the AE field, which indicates the memory access instruction
and its memory address is generated by AG unit, the 𝐴𝑖𝑛𝑑𝑒𝑥

field, which represents the index of address information in the
AG unit, and the OP field, which restores the instructions of
the loop body.

The AG unit as illustrated in Figure 1(c) is used to automat-
ically generate appropriate addresses that are required for the
vector memory accesses in the loop with configured way. It
has an address information table which contains three fields:
𝑅𝑖, the index of the register holding base address variable,
𝑆𝑡𝑟𝑖𝑑𝑒, the incremental value for successive loads or stores;
and 𝐶𝑢𝑟𝐴𝑑𝑑𝑟, current address. Two methods are supported
by this mechanism. The first static method is to add the value
restored in 𝐶𝑢𝑟𝐴𝑑𝑑𝑟 by 𝑠𝑡𝑟𝑖𝑑𝑒 × 𝑢𝑛𝑖𝑡 after every memory
access, where 𝑢𝑛𝑖𝑡 is the bitwidth of SIMD unit. The second
dynamic method is to add the value restored in register 𝑅𝑖

by 𝑠𝑡𝑟𝑖𝑑𝑒× 𝑢𝑛𝑖𝑡. Since the 𝑅𝑖 could be changed at runtime,
this method is suitable for irregular memory access. To avoid
unnecessary setting, the default vector memory access pattern
is sequential access. Though the proposed AG is simple, it is
effective for handling the typical vector memory accesses as
shown in Figure 2.

The specialization of VLB also incorporates an efficient IDP
mechanism [4], which is implemented by two-stage permu-
tation. In the first one, permutation pattern is set explicitly.
Then in the second stage, elements from different vectors are
packed together according to this pattern. As a permutation in
each iteration usually has similar pattern, its pattern setting
instruction can be moved out of the loop as invariant. So
a lot of permutation instructions can be reduced leading to
performance improvement. This is achieved by a permutation
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vector register file (PVRF) with its control logic integrated
into loop controller, whose detailed description can be found
in [4].

B. VLB Programming

Six new instructions are extended for the utilization of VLB.
The StartVLBMode(mode, CNT, 𝑅𝑖, VR) instruction is used to
set the internal execution states for VLB. It has four source
parameters: mode specifies the execution mode encoded in
2-bit that indicates the loop condition. When ‘11’, then the
immediate number 16-bit CNT is used to guard the loop
controller; when ‘10’, then the value of 𝑅𝑖 is used to guard
the loop controller; Otherwise, false value of register is used
to stop the loop execution, which is specified by the fourth
parameter VR. The EndLVBMode() instruction is used to stop
the VLB execution. The second type of extended instruction
is used to configure memory patterns: SetSS(offset, stride) and
SetDS(offset, 𝑅𝑖, stride). There are three different parameters:
offset specifies the offset of instruction in vector code, stride
specifies the stride, and 𝑅𝑖 is the register index for base
address. The last type of extended instruction is related to IDP
mechanism. The SetVPerm(VR, mode) and ClearVPerm(VR)
instructions are used to set/cancel the internal permutation
states of according to the information stored in register or
encoded in instruction.

The main task of VLB programming is to determine the
buffered loop body and its execution mode. The transformed
vectorized code from motivating example is given in Code 2 by
using VLB. The SetVPerm and SetSS instructions are added
to configure the inner states of VLB before the loop. Since
the pattern of accessing array b and c are sequential access,
they do not require any configuration instruction. So the total
number of overhead instructions in loop is decreased from 19
to 7. Thus the performance can be greatly improved.

IV. EVALUATION

A. Methodology

In this section, we evaluate VLB in the context of a
multimedia embedded processor, SDTA, which is based on
the transport triggered architecture (TTA) [8]. The SDTA
processor is utilized for accelerating multimedia kernels like
data compression and graphics functions. It is augmented with

Code 2 VLB version for motivating example
1: a2 = a+4; // base address for array a
2: V3 = vload(b); // SIMD load of b[3:0]
3: V5 = vload(c); // SIMD load of c[3:0]
4: V7 = vperm(V5,0, p1); // pattern {V5[0],0,0,0}
5: SetVPerm(V1, p2); // pattern {V2[2],V2[0],V1[2],V1[0]}
6: SetVPerm(V3, p3); // pattern {V4[1],V4[0],V3[3],V3[2]}
7: SetVPerm(V5, p4); // pattern {V6[0],V5[3],V5[2],V5[1]}
8: SetVPerm(V7, p5); // pattern {V8[2],V8[1],V8[0],V7[3]}
9: SetSS(0, 8); // Set stride pattern
10: SetSS(1, 8); // Set stride pattern
11: StartVLBMode(1, SIZE/4, 0); // The loop start indicator
12: V1=vload(a); // SIMD load of a[3:0]
13: V2=vload(a2); // SIMD load of a2[3:0]
14: V4=vload(b); // SIMD load of b[3:0]
15: V6=vload(c4); // SIMD load of c[7:4]
16: V10 = vcmp(V1, V3); //SIMD compare
17: V6=V1+V3; // SIMD computation instructions
18: V8 = select(V5,V6,V10); // select from V5 and V6
19: c=vstore(V7); // SIMD store of c[3:0]
20: V1 = V2; // Value propagation for loop
21: V3 = V4; // Value propagation for loop
22: V5 = V6; // Value propagation for loop
23: V7 = V8; // Value propagation for loop
24: EndLVBMode(); // The loop end indicator
25: V7 = vload(c); // SIMD load of c[3:0]
26: V7 = vperm(V7, V8, p6); // Pattern {V7[3],V7[2],V7[3],V8[3]}
27: c = vstore(V7); // SIMD store of c[3:0]

TABLE I
VLB IMPLEMENTATION RESULTS

Resources Area (𝑚𝑚2) Delay (𝑛𝑠)
Address Generator 0.09 0.71

Loop controller 0.05 0.42
Instruction Buffer 0.19 0.55

PVRF 0.35 0.52
Overall 0.68 -

128-bit wide SIMD devices and includes all the features of
current SIMD devices such as general vperm instruction and
conditional instruction for if-conversion.

An experimental framework was built on the TTA compiler
tool chain. All the SIMD versions are programmed directly
using C intrinsics. The tested kernels used in this study are
selected from BMKL workload [9], a set of computationally
important kernel functions in multimedia applications.

B. Experimental results

1) hardware implementation: Table I shows the area and
delay for the VLB hardware under 90nm TSMC technology.
The hardware resources consist of address generation, loop
circuitry, instruction buffer and PVRF. We can see that the
overall area required for implementing these hardware facil-
ities is 0.68𝑚𝑚2, which is relatively inexpensive to a CPU
core. As the introduced delay of VLB can be overlapped with
other processor pipeline stages such as memory access, we do
not consider these delays as drawback of performance since
they would not change the processor timing.

2) Performance results: Figure 3 displays the obtained
speedups for the different benchmarks. Three code versions
are provided: scalar, conventional SIMD and proposed VLB.
All results show VLB architecture has a significant speedup
over conventional SIMD which ranges from 1.22 to 1.56.
Compared to scalar codes, most of these benchmarks saw
a speedup of two to five. This is due to the specialization
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Fig. 4. Energy reduction of all benchmarks

of VLB architecture, which can overlap different iterations
of one loop body and execute SIZE-1 copies of the loop
automatically, so SIZE-1 copies of the loop handling, memory
address generation and data permutation overhead for SIMD
processing are eliminated, and only the start and the exist
instructions of the loop body are retained.

3) Power results: The power consumption was measured
by applying kernels for different SDTA scenarios (with and
without VLB) and estimated by using PrimePower tool with
the generated transistor netlist and Modelsim simulator value
change file (VCD file). Figure 4 shows the energy reduction
obtained by augmenting VLB into SDTA processor. On av-
erage, 18% of energy can be reduced. This energy reduction
can be explained as follows: First, through the localization
of instruction fetch, the effective energy per access can be
reduced. Second, overhead instructions for loop handling and
vector generation are eleminated, which can save most of
power consumption for the execution of these instructions.
Third, the IDP mechanism in VLB can also reduce the power
consumption. This is because the power consumption of an
implicit data permutation operation is far less than the that of
an explicit data permutation instruction execution.

V. RELATED WORKS

Several loop buffering schemes have been proposed in the
past [3], [10], [11], [12]. In [10], a small filter cache was
inserted before the L1 cache. Power is reduced by filtering
cache references through this very small filter cache. In [11],
compiler techniques were proposed to select segments of codes
to be placed in the filter cache so that the miss ratio in the
filter cache is reduced. Another approach [3], [12] proposed
an architecture that has a small buffer located along side the

L1 cache. The basic idea is to fetch instructions once at an
early iteration of the loop and store them in a small buffer.
The design of VLB also use this kind of loop buffer.

In this paper, we apply loop buffer into SIMD devices.
Different from previous work such as loop units in some DSP
and MediaBreeze processor [5], which does not consider the
characteristics of multimedia kernels, we specialize the loop
buffer to effectively handling the special memory access and
data rearrange existing in multimedia kernels resulting in both
low-power and high-performance.

VI. CONCLUSION

This paper presents VLB architecture for SIMD devices.
The proposed VLB organization is specialized to multimedia
kernels with zero overhead IDP mechanism, flexible loop
branch handling and vector memory address generation. We
integrate it into a multimedia embedded processor for evalua-
tion. The experimental results has shown its benefit compared
to conventional SIMD devices without it. For the future, it
might be interesting to study more specialization techniques
for executing multimedia kernels in VLB architecture.
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