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Abstractm The indirect very long instruction word (iVLIW) 
architecture and its implementation on the BOPS ManArray 
family of multiprocessor digital signal processors (DSP) provides 
a scalable alternative to the wide instruction busses usually 
required in a multiprocessor VLIW DSP. The ManArray pro- 
cessors indirectly access VLIWs from small caches of VLIWs 
localized in each processing element. With this work, we present 
an algorithm to perform 1) iVLIW instruction memory allocation 
on multiple processing elements to minimize instruction memory 
requirements and 2) scheduling of the iVLIW setup instructions 
to minimize execution overhead. We present preliminary experi- 
mental results that demonstrate the effectiveness of our approach. 

I. INTRODUCTION 

BOPS system-on-a-chip ManArray cores provide stream- 
lined coprocessor attachment to MIPS, ARM and other host 
processors. Through selectable parallelism with its indirect 
VLIW architecture, the ManArray processor cores achieve 
high performance at low clock rates, which in turn minimizes 
power requirements. The most efficient performing solution 
for a given application can be chosen among multiple forms 
of parallelism, from sequential control code and multiple 
threads of control, to single instruction multiple data (SIMD) 
parallelism via packed data types and multiple processing 
elements, to instruction-level parallelism (ILP) via very long 
instruction word (VLIW). 

A VLIW architecture exploits instruction-level parallelism 
in a processor. In a VLIW processor multiple execution units 
can operate in parallel, directly controlled by corresponding 
fields in the VLIW. Each field may contain a simple in- 
struction to be executed on a specific unit concurrently with 
the instructions in other fields. The advantage of a VL1W 
architecture is in the simplicity of the hardware, there is 
no need for complicated run-time dependency detection as 
required in a super-scalar architecture. The compiler provides 
a static schedule of the ILP [1]. 

There are three major drawbacks associated with traditional 
VLIW processor architectures. First is the necessity for wide 
busses connecting instruction memory and execution units. 
Instruction busses must have the width of the VLIW to 
transport VLIW contents from instruction memory to the 
execution units. Consequently, the VLIW bus width can be 
a significant problem in multiprocessor architectures. Second, 
special instruction delimiters or no-operations (NOPs) are 
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required that lower the code density and compromise the 
useful instruction memory bandwidth. Third, VLIWs set a 
static schedule; although this can be a problem in general 
purpose microprocessors, it is not an issue for DSPs [2]. 

The indirect very long instruction word (iVLIW) archi- 
tecture is a novel way to use the VLIW construct in a 
distributed SIMD multiprocessor [3]. In general, a VLIW 
processor requires a wide instruction bus to accommodate the 
movement of multiple instructions from instruction memory or 
cache to the execution units. For example, a five-way VLIW, 
that is a VLIW feeding five execution units, would require 
5 x 32 = 160 bit wide bus, assuming that processor instructions 
are 32 bit encodings. On a distributed SIMD multiprocessor, 
such a wide bus connecting multiple processing elements 
(PEs) would be very inefficient. Instead in the ManArray, 
each PE contains a small VLIW cache memory (VIM) so 
that the 160-bit wide VLIW bus remains local to each PE 
and is of low capacitance due to short line lengths. A global 
32-bit instruction bus connects to each PE, a load VLIW 
(LV) instruction can load one to five 32-bit instructions into 
a single VIM line with a 2 to 6 cycle latency and an indirect 
execute VLIW (XV) instruction causes the appropriate VLIW 
to be fetched from the local VIMs and executed. A robust 
instruction set including many application-specific instructions 
are selectable for inclusion in each distributed VIM providing 
significant processing efficiency. 

In essence, the iVLIW architecture enables a program- 
mer/compiler to prefetch and prepare an instruction cache that 
is local to the distributed processing elements, Any subset 
of instructions contained in the same cache line can be 
executed simultaneously as a VLIW, using only a 32-bit XV 
instruction with enable bits as a trigger. The iVLIW approach 
eliminates the necessity for instruction delimiters and NOPs, 
thus restoring code density and useful instruction memory 
bandwidth. 

The problem of allocating VIM lines and positioning the 
VLIW preparation instructions to minimize overhead, is a 
special form of global code motion and resource allocation. 
We extend the concept of register allocation in a novel 
way to VIM allocation. Register allocation is the problem 
of assigning machine registers (hard registers) to program 
variables (soft registers). Program variables must be loaded 
onto machine registers because on a RISC processor, execution 
units can only read and write their operands in registers. Since 
a processor has a small number of registers, and programs 
can contain a lot of variables, different variables have to 
share the same physical register when their lifetimes do not 

m 6 9 - -  



overlap. The VIM allocation problem is analogous to the 
register allocation problem, VIM is of finite size and program 
control flow induces VIM dependencies in an similar way to 
data dependencies. However, unlike register allocation there 
is the freedom to move VIM initialization statements higher 
in the program control flow, in a manner similar to data 
prefetching [4]. We exploit these aspects to develop the VIM 
allocation algorithm. 

We start by a brief introduction to the ManArray architec- 
ture in section II and the BOPS iVLIW architecture in section 
III. In section IV we present an iterative resource allocation 
algorithm to assign program VLIWs to VIM memory lines 
and schedule the LV instructions. We conclude with the 
presentation of preliminary results from the Telecom suite of 
benchmarks from EEMBC in section V. 

II. MANARRAY ARCHITECTURE 

The ManArray DSP core is a distributed memory multi- 
processor with a single instruction stream. One or more PEs 
operate in lock-step on distributed data using local register 
files. A special processing element called the Sequence Pro- 
cessor (SP) has program control flow capabilities. Each PE 
contains a single-cycle, dual-bank data memory and a local 
VLIW memory. A control and data bus connect the ManArray 
core with the rest of a System-on-Chip. Figure 1 shows the 
fundamental building blocks of the ManArray architecture. 

Each PE contains five execution units: load (LU), store 
(SU), arithmetic logic (ALU), multiply-accumulate (MAU) 
and data select (DSU). The execution units operate in a four 
or five stage pipeline, where most instructions take either one 
or two cycles to complete. The operands are 8, 16, 32 or 
64-bits wide and are fetched from a local twelve-port data 
register file (32 registers of 32 bits each, or 16 registers of 
64-bits since adjacent even-odd register pairs can be used as 
64-bit registers). Address pointers of 32-bits reside in a local 
eight register address file. Special accumulators operate on 40 
and 80 bit fixed point, 32 bit single precision floating point 
numbers are also supported. The execution units operate on 
packed-data vectors of eight 8-bit or four 16-bit or two 32-bit 
or one 64-bit vectors. 

Two-level hierarchical conditional (predicated) execution 
determines whether all or parts of a compute operation on 
a data vector will be committed, thus reducing the need for 
program control flow in many occasions. Hardware assisted 
event-point loops provide high-performance zero overhead 
loops by maintaining full pipelines and automatic decrement 
and checking of loop counters for up to two nested loops. 

The SP and PE zero coincide and share the execution units, 
however the SP utilizes separate register files, data memory 
and instruction memory. The SP can be seen as a PE with the 
addition of the program counter, the program control flow and 
interrupt logic. 

Instructions are executed in either simplex or VLIW mode. 
In simplex execution mode, the ManArray core can either 
execute an SP instruction or a PE instruction (as SIMD). 
Control flow instructions are executed by the SP in simplex 

mode only. In VLIW mode, up to five instructions can be 
executed in parallel on the SP and each PC, while the SP/PE0 
can execute combinations of SP and PE instructions that use 
different execution units. 

A distributed cluster switch allows concurrent, single-cycle, 
register-to-register copy operations among selected pairs of 
PEs. These structured communication modes include systolic 
array type of value exchanges along the dimensions of a ring, 
array, torus, hypercube, binary tree as well as broadcasts. The 
diameter of the ManArray network is two, i.e. it takes no more 
than two communication steps for an arbitrary pair of PEs 
to exchange the values of two registers. The interconnection 
network of the BOPS multiprocessor DSP is introduced in [5]. 

A direct memory access (DMA) engine moves data in and 
out of the PE memories. The DMA has two independent 
controllers to maintain two separate lanes of 32-bit data flow 
between all SP and PE local memories and external system 
memories. The DMA operates in parallel with the ManArray 
DSP utilizing the cycles that a data memory bank is not being 
accessed by the DSP. Many address modes are available for 
flexible gathering and scattering of the data including cyclic, 
block and bit-reversed address. 

The ManArray architecture offers three levels of parallelism 
(packed-data, VLIW, multiprocessor) that are user-selectable 
and independent of each-other. Since the ManArray cores 
are offered as intellectual property, they can be tailored to 
the exact performance and power requirements of a DSP 
application. For a more complete presentation of the ManArray 
architecture, see [6]. 

The ManArray DSP core is a distributed memory multi- 
processor with a shared instruction stream. A long and wide 
instruction bus would be required in order to accommodate 
a traditional VLIW architecture, which due to length would 
not only occupy a substantial chip area but also due to its ca- 
pacitance, would limit the operational frequency and increase 
power. The distributed VIM instruction memories alleviate the 
instruction bus width, but require the penalty of one cycle 
per instruction to form the required VLIWs. Consequently, 
once a VIM size has been committed to hardware, it might be 
insufficient to hold all the VLIWs required by an application. 
The overhead for reloading the VLIWs can be considered an 
optimization problem. We designed and implemented a special 
compiler optimization pass that schedules the VLIW setup pro- 
gram sections to fully utilize the available VIM and minimize 
machine cycles from reloading VLIWs by maximizing reuse. 

Ili. INDIRECT VLIW 

The iVLIW architecture is implemented in the BOPS 
ManArray digital signal multiprocessor family. It provides 
high performance afforded by executing multiple instructions 
packed in a VLIW and optimizing the implementation for 
accessing the VLIWs in a multi-PC machine. With iVLIW, the 
bus width is maintained locally in each PC, at the expense of an 
additional small VLIW instruction memory near the execution 
units and the overhead to prepare the contents of VIM prior 
to execution. 
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Besides providing a scalable VLIW architecture for a mul- 
tiprocessor DSP, there are other advantages of  the iVLIW 
architecture. Code that uses non-overlapping execution units 
can be compressed and folded over the same VIM lines. Thus 
iVLIW not only avoids the explicit storage of non-operational 
place holders (VLIW delimiters) found in the instruction 
stream of typical VLIW processors, but also enables code 
compression by storing more than one non-overlapping VLIW 
in the same VIM line. Additional code compression is realized 
by the reuse of  the loop body VLIWs in the loop prolog 
and epilogue via execution-enable flags. Another advantage 
of the iVLIW architecture in a SIMD multiprocessor system 
is the fact that one can load different instructions in the 
same VIM line on different processors. Such a setting permits 
the synchronous execution of multiple different instructions 
on different PEs. We have exploited this feature of iVLIW 

together with register-to-register communications to imple- 
ment extremely efficient signal transform algorithms such as 
FFT [7]. 

More specifically, the BOPS ManArray instruction set con- 
tains two special instructions, one to set/modify the contents 
of a VIM line and another to execute a VIM line. The Load 
VLIW (LV) instruction is used to load individual instruction 
slots of the specified sequence processor (SP) or PE VLIW 
instruction memory address. The VIM address is given as an 
unsigned 8-bit immediate value offset from a selectable base 
VIM address register. The number of  instructions to load are 
specified via the instruction count parameter k. For the current 
generation of the BOPS DSPs, valid values are I < k < 5. The 
next k instructions following LV are loaded into the specified 
VIM in a total of k + 1 cycles. Additional parameters specify 
whether an execution unit is enabled and which of the compute 
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execution units would provide the output flags when this VIM 
line is executed. The assembly program listing in Figure 2 
contains two LVs with mnemonic l v .  p, the first one prepares 
PE VIM line 1 with a load immediate indirect and a store 
immediate indirect memory instructions and the second LV 
prepares PE VIM line 0 with a load immediate indirect and 
an add instructions. 

The execute VLIW (XV) instruction is used to execute an 
iVLIW stored at individual addresses of the specified SP or 
PE VIM. As stated above, the VIM address is computed as 
the sum of a base VIM address register and an unsigned 8- 
bit offset immediate value. Additional parameters specify any 
combination of individual instruction slots to be executed as 
well as a parameter to override the unit affecting the flags to be 
returned by the execution of the XV. The default unit affecting 
the flags to be returned is set by the corresponding LV that 
last modified the VIM line executed by the XV instruction. 

The assembly program in Figure 2 implements the addition 
of two independent vectors of length 256 containing 16- 
bit integers onto a third vector. The result is attained with 
a hardware-assisted zero-overhead loop consisting of  two 
VLIWs labeled _BEC_2 and _BEC_i. Observe that the same 
two VLIWs are utilized repeatedly. In the loop prologue, only 
the load instructions of the VLIWs are executed using the 
enable flag e = l  of the XV instruction. In the loop body, all 
instructions are executed and in the loop epilogue, only the 
final add (e=a)  and store (e= s) instructions of the two VLIWs 
are executed. 

To assist the reader understand the assembly code of this 
example we note that 1 ira denotes a load immediate; instruc- 
tions e p l o o p i 0  and s s p r  set up the loop counter value, 
end address and beginning address of the hardware-assisted 
zero overhead loop respectively; 1 £ i  and s i i  are load and 
store instructions with automatic pointer update; and a d d  is 
the addition. The e= flags of the x v  instructions enable the 
execution units 1 for the LU, s for the SU, a for the ALU. 
Infixes . s and . p denote that the instruction is executed by 
the SP or the PEs respectively. Postfixes . w and . h denote 
the data type of the operation. The arguments of the function 
are passed on pointers A2 for the target vector and A0 and 
A1 for the two input vectors. 

For simplicity, we did not use packed data in this example. 
With packed data, four half-words can be operated on simul- 
taneously in each PE. 

IV. VIM ALLOCATION AND CODE MOTION 

In Figure 2 assembly function v a d d  sets up and uses two 
iVLIWs. When function v a d d  is executed many times, it 
would be beneficial to relocate the LV instructions to program 
sections that call v a d d  causing them to be executed fewer 
times. As a result, the total execution time of a program using 
function v a d d  is reduced. The VIM setup is pushed higher 
in the program control flow graph (CFG) so that program 
sections that execute frequently do not have to re-initialize 
their VIM. However, in a typical hardware implementation 
the size of VIM is limited, just like the number of registers 

.section .text 
vadd: 

lim.s.w R0, BEC2 
copy.pd.w A3, A0 
copy.pd.w A0, A2 
eploopi0 63, _BEC_i 
sspr.s.w R0, IEPORi 

VLIWI: Iv.p V0, 1, 2, d=, f=n 
sii.p.h0 Ri, A2+, 1 
lii.p.h0 RI, Ai+, 1 

VLIW0: lv.p V0, 0, 2, d=, f=n 
lii.p.h0 R0, A0+, 1 
add.pa.2h Ri, Ri, R0 

copy.pd.w A2, A3 
prolog: 

xv.p V0, 0, e=l, f= 
xv.p V0, i, e=l, f= 

!!!! Loop Begins 
BEC2: 

xv.p V0, 0, e=la, f= 
BECi: 

xv.p V0, I, e=is, f= 
!!!! Loop Ends 

epilogue: 
xv.p V0, 0, e=a, f= 
xv.p V0, i, e=s, f= 

ret 

Fig. 2. A leaf function with two load and execute iVLIW statements. 

and the number of execution units. One may not be able to 
move all VIM initializations at an early set-up phase of a 
program execution, but rather allocate VIM use and distribute 
its initializations in a manner similar to register allocation. 

The need for VIM allocation and relocation of LV state- 
ments arises in all back-end compiler tools that generate 
VLIW code and hand-written assembly code. Code generators 
in compilers and assembly programmers in large software 
projects, usually have a local or limited view of the whole pro- 
gram. The tool we are presenting here applies inter-procedural 
analysis, and it can be used with any compiler that generates 
VLIW code for the ManArray. 

The controlflow graph is a directed graph G(N, E) where 
node N is a function or program basic block and edge 
e(nl, n2) from E is a jump or a function call from basic block 
n l  to n2. The graph contains a special program-start node 
(with no parents) and an end node (with no descendants). A 
basic block is an indivisible sequence of program instructions 
with a single entry, the beginning of the block and a single 
exit at the end of the block. 

We approach the problem of VIM allocation as follows: 
First we construct the program CFG. Then we find the VLIW 
live-in and the live-out sets for each node of the CFG, we 
call the augmented graph as the VLIWflow graph. From the 
VLIW flow graph we construct the VLIW interference graph 
which we color to derive the VLIW allocation to VIM. The 
LV instruction scheduling requires the iterative recalculation 
of the VLIW flow graph and subsequent allocation. 

The life of a VLIW is defined to be the interval between 
the time a VLIW is defined via an LV instruction, until the 
time it is executed for the last time with an XV instruction. 
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The liveness analysis is performed by solving the VLIW flow 
equations [8]. The VLIW flow graph captures the dependen- 
cies between the VLIW instructions similar to the data flow 
graph. The presence of an LV instruction defines a VLIW in 
a node while the presence of an XV instruction uses a VLIW 
in a node. We will refer to these as a def-use pair. For every 
node n of the CFG we define 

Dn the set of  VLIWs that are defined in node n, 
Un the set of VLIWs that are used in node n, 
In the set of live-in VLIWs to node n, these are the 

VLIWs that are defined in a predecessor to node n - 
with respect to the CFG-  and are either used in node 
n or in a successor node and 

On the set of live-out VLIWs to node n, the VLIWs used 
in a successor to node n. 

The sets I and O are the fixed points of the VLIW flow 
equations: 

In = U n U ( O n - D n )  

O~ = U~es(~)h. 

The VLIW flow equations state that the set /n of live-in 
VLIWs at node n, is the union of the sets Un of the VLIWs 
that are used in n and On the VLIWs that live-out of n except 
Dn the VLIWs that are defined in node n. The set On of live- 
out VLIWs of node n are all the VLIWs that belong to the 
live-in sets of  the successor nodes of n, denoted as S(n). We 
solve the VLIW flow equations iteratively with starting values 
In = ~ and On = Dn for all nodes n. 

The VLIWs that belong to the live-out set of  a node, 
cannot be assigned to occupy the same VIM line unless 
they do not require the same execution units. To determine 
how to allocate the VIM lines, we build the interference 
graph [9]. Every node of the interference graph corresponds 
to a VLIW. When two VLIWs belong to the live-out set 
of the same node of the VLIW flow graph and share the 
same execution unit, an undirected edge is inserted in the 
interference graph connecting the corresponding VLIW nodes. 
A successful allocation of VIM lines to VLIWs corresponds 
to coloring the interference graph nodes in such a way that 
adjacent interference nodes are colored in different colors. 
Each color corresponds to a different VIM line. 

An optimal placement of VIM initialization instructions 
with respect to given profiling data involves calculating the 
total number of times each LV instruction is executed and 
moving it to a program region where it is executed fewer times. 
We accomplish this via a greedy optimization algorithm that, 
at each iteration moves the LV instruction that has the highest 
count of executions to a basic block that is higher in the CFG 
with a smaller count of executions. Such a move modifies the 
interference graph, and a new VLIW allocation is required. 
The algorithm in Figure 3 iterates until no further improvement 
can be found. At every iteration, an LV instruction is chosen 
to be moved. The criterion for the selection of the LV is the 
frequency of executions from run-time profiling data. In the 
absence of  profiling data, we use heuristics, the distance of a 

done := false; 
while not done do t 

done := true; 
BestImprovement := 0; 
for each LVi from LVlist do t 

lNewState, improvement} := MoveUp(LVi, CurrentState); 
if improvement > Bestlmprovement then { 

BestState := NewState; 
Bestlmprovement := improvement; 
done := false; 

) 
} 

if not done then { 
CurrentState := BestState; 

) 
) 

Fig. 3. Pseudo-code for steepest descent search algorithm for iVLIW 
allocation and LV scheduling. 

node from a leaf node and the depth of nested cycles that a 
node or edge belongs to. The LV is placed in a basic block that 
is closer to the program start node and the following conditions 
are met: i) the execution frequency of the new node is lower 
and ii) the VIM allocation succeeds in assigning a VIM line 
without exceeding the maximum number of VIM lines. The 
algorithm terminates because either all LV statements have 
reached the program start basic block, or any movement of  
an LV statement to a node with lower frequency results to an 
interference graph that cannot be colored with the available 
number of colors. 

The iterative optimization is steepest hill descent and does 
not guarantee convergence to the global optimum. Also, since 
graph coloring is required, the worst time running complexity 
of this algorithm is exponential to the number of  VLIWs. 
Suboptimal graph coloring reduces the run-time complexity of 
the algorithm to polynomial time in the number of  VLIWs and 
the number of the nodes of the CFG. We instead implemented 
a problem size reduction by graph compression of "uninter- 
esting" nodes of the CFG. A node is considered interesting if 
it contains LVs or XVs or calls to functions with interesting 
nodes. We coalesce adjacent uninteresting nodes to reduce the 
problem size. 

The running time complexity of VIMA has not been an issue 
because a VIM optimization pass is required at the final stages 
of a project completion, well after other major computation 
and performance issues have been resolved. 

V. RESULTS 

We implemented the VIM allocation and LV scheduling 
algorithm as a stand-alone optimization tool we named VIMA, 
for VIM Allocator. VIMA is invoked just before the linking 
phase of a project. Although VIMA can be part of  a whole- 
program optimizing compiler, we kept it as a separate tool to 
process code written in multiple programming languages as 
well as assembly. Product-quality DSP software often requires 
several modules to be coded in assembly language. 

We tested the performance improvement due to VIM alloca- 
tion and LV relocation compared to LV statements scheduled 
prior to their corresponding XV instructions. The VIM size 
was constrained to 64 lines in both the SP and each of the PEs. 
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TABLE I 

MACHINE CYCLES OF RUNTIME AND PERCENTAGE OF PERFORMANCE 

IMPROVEMENT OF THE DIFFERENT DATASETS OF THE EEMBC TELECOM 

BENCHMARK, USING VIMA TO SETUP VLIW INSTRUCTION MEMORY. 

Benchmark VIMA w/o VIMA Change 
56 68 17.65% 

AutoCorr 2090 2110 0.95% 
2068 2115 2.22% 

46 57 19.30% 
ConEnc 41 50 18.00% 

37 43 13.95% 
FFT 683 797 14.30% 
Viterbi 4594 4622 0.61% 

15600 16545 5.71% 
FBitA1 3706 4606 19.54% 

14113 15733 10.30% 

We used the Telecom set of standard industry benchmarks in 
C by the Embedded Microprocessor Benchmark Consortium 
(EEMBC). EEMBC develops and certifies real-world bench- 
marks and benchmark scores to help designers select the right 
embedded processors for their systems [10]. The Telecom 
is one of several benchmark suites that are targeting a spe- 
cific market segment. Other suites are Automotive/Industrial, 
Consumer, Networking and Office Automation. The Telecom 
suite consists of the following kernels: autocorrelation, bit 
allocation, fast Fourier transform, Viterbi decoder and a con- 
volutional encoder. The benchmark codes were compiled with 
the BOPS Halo C compiler. Table I lists the machine cycles 
of runtime and percentage of performance improvement of the 
different datasets of the EEMBC Telecom benchmark kernels 
when VIMA is utilized. Different datasets exercise different 
parts of the benchmark code. Although the set of benchmarks 
is rather small, an embedded DSP in a Telecom application is 
spending a great percent of its productive cycles in program 
kernels like these [11]. We did not use profiling to determine 
the execution frequencies of the different program regions. 

The comparison of the VIMA performance improvement on 
the compiled C kernels is against code where the VLIW setup 
LV statements are scheduled in the basic block containing the 
prologue of the pipelined loop where the corresponding VLIW 
is used. These basic blocks may themselves be inside outer 
loops. 

We expect performance increases and even greater depen- 
dence on iVLIW scheduling when the BOPS Halo C compiler 
generates VLIW instructions for acyclic code; the version of 
the compiler we used in these tests exploits ILP for explicit 
for and while loops only. 

For a significantly larger code test, we used VIMA on the 
hand-coded assembly source of the G.729A voice codec [12]. 
We observed similar performance gains to the EEMBC bench- 
marks in the order of 15 - 20% for different test vectors. The 
LV overhead penalty was minimal, despite the fact that the 
implementation of G.729A used requires 300 VLIWs, a large 
multiple of VLIWs than the 64. line size of the available VIM. 
The performance comparison for the assembly coded G.729A 
is against the manual scheduling of the LV statements within 

the procedure modules where they appear. The performance 
improvement was due to the whole-program inter-procedural 
analysis of VIMA as the different programming teams have 
accomplished efficient intra-procedural VIM allocation. 

All experiments were performed on both a cycle-exact soft- 
ware simulator and a Xilinx FPGA as well as the first silicon 
of the ManArray architecture called Manta. The Manta DSP 
consists of 4 PEs and operates at 133MHz, it is built by TSMC 
using standard 0.25#m libraries. The Telecom benchmark 
kernel results are independently verified and certified on Manta 
by the EEMBC benchmark consortium. 

V I .  CONCLUSIONS 

The iVLIW architecture permits the efficient use of the 
VLIW concept in a high-performance and low-power multi- 
processor DSR The use of VIM eliminates the need for wide 
instruction busses that cross the multiprocessor and alleviates 
the instruction memory bandwidth penalty for storing and 
fetching the required delimiters or NOPs of ordinary VLIWs. 
The associated overhead for preparing the VIM contents can 
be all-but eliminated with the use of straightforward allocation 
and scheduling, as these preliminary results indicate. 
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