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1 Introduction

VLIW machine approaches have received great interest recently, due to the fact that they are
inherently suitable architectures for exploiting the parallelism extracted by fine-grain compilers
that look beyond basic blocks [15] [24] [8]. The ideal VLIW machine has a number of concurrently
executing functional units fed by a memory with a large data-bandwidth that can issue two
operands per functional unit and perform one write per functional in each cycle [11] [14] [25] [24]
[16]. Furthermore, smaller feature sizes for VLSI, together with better yields for large die sizes
allow us to realize several million transistors and hence multiple FUs and RFs on a single chip or a
multi-chip module (MCM). This trend of large-capacity chips and MCMs is expected to continue,
making the realization of a complete VLIW on a chip a distinct feasibility in the near future.

A few commercial VLIW-like machines have already appeared on the market. Early examples
of this approach are the Intel i860 [3] [18] that can issue two operations per cycle, the IBM System
6000 [26] that can execute 4 operations concurrently, and the Multifiow TRACE [9] which was
designed to allow the concurrent execution of up to 28 operations per cycle. Although all of these
architectures pursue the goal of executing multiple operations concurrently, none of them has been
built using the “ideal” VLIW architecture.

The variations are necessary because the practical implementation of the ideal VLIW model is
constrained by several technological considerations, the most critical being the inability to build
a register file (RF) that has an excessively large number of ports to store the VLIW code.

Although multi-port memory cell technology has been around for several years [2], there are
no consolidated technologies for building RFs with a large (say more than 16) number of ports
RF [12] [17]. Even if such a large multi-port RF could be built, it may suffer some performance
degradation due to the fact that each memory cell has to drive all output ports (i.e. all data
substreams) in the worst case. Such an overhead may greatly affect the benefits of having a large
number of ports on a RF for achieving large data bandwidth to the multiple functional units in the
VLIW. This exact problem was faced by the designers of the Multiflow TRACE [9], who concisely

“

noted: “.. any reasonably large number of functional units requires an impossibly large number
of ports to the register file... The only reasonable implementation compromise is to partition the
register files...”.

Hence, a more realistic VLIW architecture needs to have its code partitioned into multiple
(port-limited) register files, which we refer to as a Limited Connectivity VLIW architecture. Sev-

eral benefits accrue from using this architecture. The first and most important, of course, is



realizability. The second is scalability: each VLIW partition can be built and replicated to fit
the size of the final machine. The third is the choice of designing a partition using standard,
off-the-shelf, low-cost components, or using a custom/semi-custom design approach. Finally, the
partitioned VLIW scheme enhances testability and maintainability, since a faulty partition can
easily be replaced or replicated.

In this paper we describe the necessity for code partitioning in actually realizing VLIW archi-
tectures that can only use port-limited RFs for the storage of VLIW code. We present a sample
Limited Connectivity VLIW architecture that uses multiple, port-limited RFs for architectures
that are realizable in CMOS technologies. We describe a code partitioning technique that can
be used to map the ideal VLIW code into this Limited Connectivity VLIW architecture under
different constraints such as a fixed number of partitions, a fixed number of data moves between
partitions and a maximum number of ports per RF partition. The partitioning of code into mul-
tiple RFs (each with a limited number of ports) may result in a degradation of performance due
to the extra moves required to transfer data from one partition to another. We therefore present
the results of some experiments using standard benchmarks that allow a designer to perform a
tradeoff analysis between limiting the number of ports in a RF, the size of each RF partition, and
the effects on the performance of the specific VLIW realization.

The rest of the paper is organized as follows. Section 2 presents the limited-connectivity VLIW
model. Section 3 discusses the partitioniﬁg scheme. Section 4 describes some experimental results

using standard benchmarks. Section 5 concludes with a summary.

2 Limited Connectivity VLIW Model

The ideal VLIW model can be regarded as a horizontally microcoded engine able to simultane-
ously decode and execute different opcodes on different functional units. Each functional unit is
completely equivalent to all the others so that there are no structural dependencies between the
units, yielding a uniform functional unit model [20] [10] [25] [24]. Since the ideal VLIW assumes
that any FU can access any register in a cycle through full connectivity between the FUs and the
registers, we refer to this architecture as Fully Connected VLIW. This is a simple, yet appealing
model extremely useful for code parallelization since one is only concerned with code scheduling.
However, this ideal model is impractical to realize in silicon (except for a limited number of FUs)

due to the large number of ports required by the centralized RF.



A practical solution to realizing the VLIWs in silicon is to limit the full connectivity between

registers and FUs in an attempt to reduce the number of ports needed by each register file.
This very approach was followed by the Multiflow TRACE design team who experienced this
port-limitation problem, and designed a VLIW with multiple register files [9]. The basic concept
is to trade some of the ideal performance achieved through full connectivity for a simpler data
register structure and shorter clock cycle time. This goal is achieved by using a partitioned
VLIW processor where each cluster has an equal number of FUs, and all FUs within a cluster
are completely connected to a private register file. Communication between different clusters is
achieved through a number of dedicated buses that connect all the register files. We refer to such
a model as a Limited Connectivity VLIW.

When a register content is required in a cluster different from where it is stored, a specific
move operation must be executed in a previous instruction to copy the data through inter-cluster
data transfer buses. Hence the compiler has to to introduce some move operations to drive these
buses and transfer the contents of a register from one cluster to the other.

It is clear that because of the limited connectivity and the register-to-register moves, the under-
lying model of execution no longer resembles a homogeneous shared memory architecture. In fact,
register accesses can take different time lengths, resulting in an additional constraint that prevents
us from achieving the optimal parallelization obtained using an ideal VLIW. However, there are
clear advantages with the Limited-Connectivity VLIW, the most cogent being the feasibility of
actually realizing the machine.

Although much work has been done on for code partitioning in the distributed computing
community [22] [23] [4], very few authors to our knowledge have addressed the issue in the VLIW
domain. The most closely related work is the Multiflow TRACE architecture [9].

2.1 A Sample Limited-Connectivity VLIW Architecture

Figure | shows a sample limited-connectivity VLIW consisting of 4 clusters of two functional units
each. Within each cluster, the two functional units are completely interconnected to the local RF,
yielding 4 output ports and 2 input ports for functional unit accesses. Furthermore, each RF has
4 additional input ports for inter-cluster data transfers.

The interconnection among RF clusters is accomplished through a number of inter-cluster data
transfer buses that connect output ports of the RF (originally targeted for a FU) to the specific

inter-bank communication input ports present in each register file (the ports on top of the RFs in
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Figure 1: 4 cluster, 8 FU, 4 inter-bank bandwidth, Limited Connectivity VLIW

Figure 1). The availability of an output port of RF for a data transfer during the execution of an
instruction is guaranteed since a move operation keeps the functional unit in the source cluster idle
for that cycle. This can’t be done with the destination cluster since the operation slot for the FU
might contain normal operations. Hence an appropriate number of input ports is added to each
register file to achieve the inter-cluster move operations. It is the compiler’s task to automatically
insert a move operation by specifying the source and destination register and bank. The source
bank is automatically detected according to the instruction slot in which the move operation is

inserted.

2.2 Architectural Characteristics

In order to analyze the performance and realizability of the Limited-Connectivity VLIW, we
describe and define some architectural characteristics. We define inter-bank communication band-
width of the VLIW to be the number of move instructions that can be issued per instruction,
and define relative banduidth to be the ratio between the communication bandwidth and the total
number of operations that can be issued concurrently.

The number of reserved ports that have to be added to each register file bank is bounded by
two constants: the number of inter-bank communications allowed per instruction and the total
number of functional units in the other clusters. The first constant is intuitively clear, since we
cannot have more than bandwidth communications taking place per instruction, and in the worst

case all instructions are directed to move data to the same register file. The second constant



arises from the fact that there is no need to copy a register through an external bus back to the
same bank. Hence there are at most n functional units whose slot can be used to issue a data
movement operation to a same cluster, where n is the total number of functional units in other
clusters (i.e.. the total number of functional units less the number of functional units per cluster).
The number of communications buses required in such architecture is equal to bandurdth. Note
that when the second constant (total #FUs in other clusters) is less than the bandwidth, the buses
are not connected to all input ports: this requires the adoption of a suitable scheme to ensure full
connectivity. The scheme is easily obtained by connecting each bus to all clusters but one, that
is, each RF is connected to bandwidth — b—“?j’;“!;—%ﬁ different buses.

This architecture requires only a single control unit and a single conditional flags register file,
since each conditional flag can be written by at most one functional unit and can be read only by
the control unit. Hence there is no need to replicate the control and conditional registers.

The main advantage of the described model is in the limited number of ports required by each
RF, and the limited distance that intuitively separates each functional unit from other non-local
RFs. The direct consequence is an improved data-path delay time.

The gain achieved by reducing the number of ports can be attributed to the decrease in total
number of ports, as well as the decrease in the number of output ports. As explained later, the
number of output ports is one of the factors that most influences the cycle time of the registers,
while the total number of ports accounts for the area complexity measures.

The number of output ports required in a limited connectivity architecture is simply the number
of ports required per functional unit (2) times the number of functional units (#FU) over the
number of clusters (#clusters) in which the architecture is partitioned.

The total number of ports instead is:
#FU

#ports = 3 = #FU + #clusters » min(bandwidth, (#clusters — 1) = m
where the first term accounts for the number of ports required for the functional units and the
second term represents the number of ports added for inter-bank communication, and, as explained
before, is computed as the number of clusters times the minimum between the bandwidth and the
number of move operations that can be issued concurrently to move data in the same register file.

It is clear that the number of output ports is a decreasing linear function of the number of clus-
ters and that the improvement can be measured as the ratio between the number of output ports

in a limited connectivity architecture and the number in an unlimited connectivity architecture.

This is obviously one over the number of clusters.



The analysis of the total number of ports per cluster is a little more complicated. The ratio

of the number needed in a Limited Connectivity VLIW and the number in a Fully Connected one

can be expressed as:

l 1 . bandwidth #ecluster — 1

=+ min(

FHelusters ¥ 3 ! #FU ' #ecluster

The first term accounts for the percentage of the ports connected to the functional units required
per RF and the second term is the number added to allow concurrent inter-bank communication.
For example, the machine shown in Figure 1 shows 4 output ports per RF, i.e., 50% of the
unlimited connectivity model, and a total of 10 ports, i.e., about the 42% of that in the fully
connected model.

In [7], we provide a detailed analysis of the number of ports needed to build different kind of
architectures by varying the number of functional units, the number of clusters and the commu-

nication bandwidth between clusters.

2.3 Register File Complexity Analysis

The major bottleneck in realizing an ideal VLIW comes from the inability to build register files
with a very large number of ports. Accordingly, we describe some complexity measures to highlight
the design consideration for multi-port RFs.

Although multi-port memory cell technology has been around for many years [2] [17] [1], only
recently has there been a demand for memories with a very large number of ports, especially due to
the interest in building VLIW architectures. For this reason there are no consolidated technologies
for large, say more than 16-port RFs [12] [17].

The design of a multi-port memory can follow two approaches: a simple approach based on
the replication of the memory cell access system (suitable for a limited number of ports), and a
more complex one based on a hierarchical structure used to access the cell contents (more suitable
for a large number of ports).

For a VLIW architecture, another important consideration is that a register cannot be written
to concurrently. This is because the ideal VLIW guarantees full connectivity, resulﬁng in the
possibility of multiple writes to the same register location — and must be avoided by the compiler.
Only concurrent reads are allowed from the same register and in the worst case all the output
ports of a register file can access the same register (i.e. memory cells). This observation allows us

to separate the area related complexity issues (that are dependent on the total number of input
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and output ports) from the delay complexity issues (that are related to the number of output

ports on a RF).

In [7] we show that for a large number of ports, the access time of a RF can be modeled as
a logarithmic function of the number of output ports. This makes the number of ports per RF a
fundamental issue for the design of a pipelined architecture where each constituent delay must be
minimized in order to achieve the best overall throughput. We also show that the area complexity
is a function that grows with the square of number of total ports; this is intuitively explained by
the requirement of the number of tracks required in the the chip layout to route the input/output

port signals across cells.

3 The Partitioning Methodology

Compiling code for a Limited Connectivity VLIW (LC VLIW) Architecture is not a trivial task.
Due to the non-uniform register file access, data stored in a register is not always available to all
the functional units; and code must operate within the boundaries of the clusters. If data from a
Jar register, that is, in a different cluster, is needed, it must first be copied to a local register and
then utilized.

The LC VLIW model thus requires a major modification of the ideal VLIW code. Thé ideal
VLIW code stream must be partitioned into a number of substreams to be executed on the
architecture clusters. Each of these substreams must be resource-constraint scheduled according
to the architecture of the cluster itself. Also, the limited bandwidth needs to be accounted as a
constraint in the scheduling process.

Our goal is to produce code that can be run on a Limited Connectivity VLIW, while minimizing
the slowdown due to the introduction of data movement operations. In this paper, we constrain
ourselves to deal with only straight line code loops. This is not a major limitation since in most
scientific code applications, loops are the hot spots that primarily affect the performance and a

large number of such scientific applications can be coded without conditional jumps.

3.1 Problem Definition

We begin by assuming that we already have the code available for an ideal VLIW model - this
is currently generated by the PS compiler developed at U.C. Irvine (25]. This ideal VLIW code

serves as a useful reference point for the analysis of our results.



The code for a VLIW comes in the form of an ordered sequence of Very Long Instructions.
Each instruction is divided into a number of operations, with each operation defining the function
to be performed by a distinct functional unit. The objective of our methodology is to partition the
ideal code so that data flowing from one operation to another in a different cluster may happen
only through main memory access, (i.e., through a couple of store/load operations) or through a
specific data movement operation.

Our approach in partitioning the code is divided into three successive phases. First, a graph
representation of the loop is generated. Second. a partitioning algorithm is applied to this graph
in order to divide the code in substreams minimizing a given cost function. Third, inter-substream
data movement operations are inserted and the code is recompacted.

A graph representation is first built from the code. This is a Directed Cyclic Graph G =
(N, E,A) where each operation op in the loop code is biunivocally mapped to a node n € N
through a function n = node(op); E = E, U E5 is the set of directed edges. Each direct data-
dependency, that is a dependency that flow toward the direction of execution, from an operation
op1 to an operation ops through an operand r is mapped to an edge e € F,,e = (n1,n2) and
ny = node(opy), ny = node(ops). Each loop-carried dependency from an op1 to an ops is mapped
to an edge e € Ey, e = (n, n,).

A is an ordered list of sets such that, operations in the i** instruction are contained in the set
Ai. This list A represents a scheduled partition of the ideal code graph since no operations can
be shared between different instructions. In this way we operate on a schedule-partitioned DCG,
each disjoint subset of which represents an instruction.

The A partition is needed to preserve the scheduling order that otherwise would be lost if the
code is mapped on a plain DCG. Operations contained in a set A; are scheduled to be issued
concurrently. Further, within the same loop iteration, all operations in all sets A; for j < ¢ are
scheduled to be executed before ); and all operations in all set A\; for & > i are scheduled to be
executed after A;.

In each instruction a fixed number of operations maz-op = #FU can be issued. If there are

less then max_op due to data dependencies, the instruction is filled with nop operations.
| Ai || = max_op, 1 < i< #instructions
The edge set E of the graph G satisfies the following causality property I':

VeEEl,ez(n,m), ne.\;,me,\j=>i<j



Vee€ Eve=(n.m). n€A.me Aj = i>

Partitioning of the code requires the creation of a new partitioned graph G' = (N', E', A', )
where S = {5, .., 5,||s = #clusters) is a balanced partition of sets where each edge of (i that goes
from one node in one set of S; to a node in a different set Sj must be replaced by inserting a node

corresponding to the movement operation that has to be performed in order to copy data across

clusters, !

N’ = NUN,, where N,, = {Inter Register Bank Communication Movements}, that is N’
is the union of the set of nodes in graph G with the set of nodes corresponding to movement
operations that have to be inserted.

E' = (E—{Edges(.‘)',-,Sj)})UEm where E,,, = {e;|the head or the tali of e; is a move operation}:
is the new set of edges. This represents the original set E minus the edges that g0 across parti-
tion’s sets plus the edges that represent data flow to and from the data movement operations Jjust

| inserted. Edges are to be added in order to maintain the I' property; i.e., edges in set E; must

| be replaced with a triplet (edge,node, edge) with both edges placed in E; (both must be direct
dependencies), and edges in E» must be replaced with a triplet so that one edge is placed in set
E\ and the other in set F,. In fact each loop carried dependency e = (n;, na) with A(ny) > A(ns)
can be substituted with two edges ¢’ = (n1,npen), e = (Pnew,n2) where A(ny) > AM(npew) and
Mnnew) < A(na), or AM(ny) < A(nyery) a.nc! ANpew) > A(nso). 2

To satisfy this condition it might be necessary to create some new instructions so A’ is the new
set of instructions, each of which still contains at most mazr_op operations.

The set A" may be larger than the set A because of the increased number of operations and
the dependencies among the operations.

In this context we say that the partition S is balanced if | SinAj < #—i‘%ﬁ; 1 <i<
#clusters, 1 < j < #instructions. This condition states that each \; (i.e., the set of operations

‘ in the i*" instruction) is partitioned into #clusters subinstructions, each of which holds at most
maz_op

Fclusters OPerations (i.e., the number of functional units per cluster).

The whole process has to be executed so as to minimize the increase in size of the partition A’.

'in this context cluster will be used to indicate a set of the partition S
Zthe notation A(ny) > A(n2) is used to indicate that the index of the \ set containing n is greater then the
index of the set containing n
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3.2 Partitioning Process

The partitioning process is composed of the following successive phases.

Phase 1: Graph Generation

The DCG graph is built from the ideal VLIW code and is simplified according to the following

Immediate constants are removed from the DCG, since these are local to operations, and

therefore do not represent a data movement.

Loads and Stores of main-memory data are not represented in the graph because of the fully
connected main memory access model. There are no edges in a load/store operation that

represent the flow of data to and from the main memory.

Communications from the outer loop are disregarded since these are negligible compared
with inner loop dependencies. This is justified because before a loop is entered, data can
be preorganized in such a way that each cluster has all the operands it needs from outside
the loop (the data can be replicated if useful) in its own register file. Successive iterations
will kill the data or continue to use it but in both cases access to data computed outside the
loop is executed only once. Hence this communication is negligible as compared to the data

movements that occur with the loop body for the number of loop iteration executions.

With these (justified) simplications, we are able to insulate the graph within the loop body

from that outside of the loop. At this point, the DCG has been built and modified so that all and

only the data flow movements that must be considered for code partitioning are present.

Phase 2: Code Partitioning

The graph partitioning algorithm is applied to the DCG in order to find a minimum partition

cutset. The minimum number of communications is not directly related to the slowdown in the

code since some edges might cause the remainder of the algorithm to lengthen the resulting code

while others might not.

However, the basic idea is that by limiting the amount of communication, we should be able

to limit the number of movement operations to be inserted and therefore minimize the increase in

the cycle time.
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The cutset is simplified according to a simple consideration: once data has been moved from

a register file to another it must not be moved again unless the data in the destination register
is killed. Therefore we can get rid of unnecessary edges by looking through the communications
that take place from the same operation to the same cluster and performing a lifetime analysis to
check for redundancies.

Phase 3: Recompact Code in Partitions

Once the graph has been partitioned the code must be modified to execute data movements
across partition boundaries only through explicit operations. This is accomplished through a two

step process.

e The first step is to insert, for each edge between different partitions’ clusters, an empty
instruction. The subinstruction corresponding to the cluster to which the source operation
is allocated is filled with the movement operation needed (in the case where multiple edges

share the same starting instruction, only a new empty instruction is created).

e The second step is to apply a modified version of the resource constrained scheduler (RCS)
to compact the code and to ensure that no more than the allowed number of movements
operations are in the same instruction. Obviously the RCS is allowed to move operations

only within the code substream to ensure that the current partitioning scheme is maintained.

The resulting code is now consistent with the model of execution adopted: each instruction
contain max_op operations homogeneously divided into #clusters subinstructions. Each necessary
communication between operations in different clusters is accomplished through an explicit data
movement operation, and no more than bandwidth of these operations are allowed per instruction.

We illustrate this approach with a simple example. Figure 3 shows a simple DAG on the left;

this graph corresponds to the following parallelized (ideal VLIW) code:

set a 100 ; set b 10
set ¢ 1 ; nop
loop:
add yab;add xcb
mulayb;mulcxb
%t ccO a b; nop
r cc0 loop nop
endloop;

Using our approach, the DAG is simplified, partitioned in two substreams, and a necessary
move is added corresponding to the interbank communication. Some preloop code is inserted to

distribute the variable b in both the clusters (variables with suffix i are from cluster i).

12



Figure 2: A simple DAG

Figure 3: Simplified DCG

The resulting code corresponding to the right side of Figure 3 is:

set al 100 — set c2 1
set bl 10 — nop
preloop:

Optmal Cut

mov bl b2 — nop

loop:

add y1 al bl — add x2 ¢2 E‘Z
2

mul al yl bl

nop

gt cc0 al cl

br cc0 loop
endloop;

- mul c2 y2
mov c2 cl
nop
nop

3.3 Algorithm Implementation

The DCG partitioning algorithm is based on the Lee, Park and Kim (LPK) [21], and the Fiduccia

and Mattheyses [13] algorithms. It is modified to improve flexibility and to explore a wider search

space. The detailed algorithm is explai

The algorithm is built around three

istic part of the algorithm and essentially implements the LPK partitioning algorithm.

The innermost loop assigns, in each

ned in [5]. A brief outline is given here.

nested loops. The two inner loops represent the determin-

iteration, a node to the partition that results in the greatest

13




increase in the cost function. After all the nodes have been assigned. only the assignments that
maximize the overall cost function benefit are accepted, while all the others are discarded. The
central loop controls the repetition of these steps until no further improvement can be achieved.

Some changes were made to ensure that the structure of the code (i.e., number of operations
per cluster belonging to the same instruction) is not altered. Therefore each complete execution
of the two inner loops starts from a (possibly unbalanced) partition to output a new balanced
partition whose cost function is minimized.

The third and outermost loop is responsible for widening the search space. The approach is
to randomly select a new starting partition from the best known solution and feed it to the inner
part of the code. This process is governed by a parameter that defines the average distance, that
is the number of nodes allocated to different clusters, of the best solution from the new generated
starting point. This parameter is reduced, according to a monotonic function, at each iteration of
the outermost loop until a new improved solution is found, in which case the process is restarted,
or a threshold is reached, in which case the algorithm terminates.

The basic idea is to increase the search space randomly picking up starting points at a given
distance from the best solution. This process is repeated for decreasing distances with the goal of
exiting local minima.

This technique merges a stochastic approach similar to simulated annealing [19] with a deter-
ministic technique as the LPK algorithm with two major advantages: it does not suffer from the
long run times typically required for simulated annealing runs and it widens the search space typi-
cally cover by a deterministic approach. The time complexity for the algorithm is superquadratic,

that is O(N?a(N)) with a(N) = o(N), where N is the number of nodes in the graph.

4 Exﬁeriments

The code partitioning methodology was applied to produce code for different configurations of a
Limited Connectivity VLIW architecture. A set of benchmarks consisting of straight line code
loops was used: Livermore Loops #7, #8, #9, #10, #13 the Crale #10 loop, and a loop provided
by Motorola Co., named motorola. These benchmarks constitute a good base for exberimental
tests since the number of instructions per iteration in the sequential 3-address code spans across
a wide range: from 31 to 218; this provides a good testbed for experimentation since different
speedup behaviors can be observed when different parallelization techniques are applied.

QOur experimental results and analysis are drawn from a large design space obtained by varying

14



three key architectural parameters for the LC VLIW: the number of functional units, the number
of clusters and the number of movement operations allowed per instruction. The ideal VLIW
code was partitioned and compiled into each architectural design point to determine the resulting
performance for a given set of parameters. The design space is clearly not homogeneous since
certain architectural configurations are not meaningful; therefore we constrain the values of the

parameters to only meaningful and consistent triplets.

4.1 Tradeoff Measures

Tables 1 show the number of cycles per loop in the code after it has been compiled and partitioned
for different architectural models with 1, 2, 3, 4, 6 and 8 functional units. Each row present
results for a VLIW model with different number of FUs, RFs and and Bandwidth. Within the
row there is also an indication of the number of ports required for each register file from that
specific configuration. The percentage figures on the right of each penalty measure indicates the
percentage slowdown with respect the ideal VLIW model with the same number of FUs. Results
were obtained without the renaming.

Some of the benchmarks, especially those with a limited number of instructions, do not scale
linearly with the number of functional units, that is, do not achieve a linear speedup when in-
creasing the number of FUs.

Some loops, especially small ones, top the achievable speedup (without renaming) for a small
number of functional units. Because the partitioning algorithm tries to compact code to avoid
inter-RF communication, when the clusters are larger than a certain threshold, the code can be
executed in a limited number of clusters (sometimes even in just one cluster). This results in a

limited amount of communication, yielding a small or even no slowdown.

4.2 Tradeoff Analysis

A preliminary look at the results shows very little sensitivity of the performance penalty to the
relative bandwidth. Therefore the relative bandwidth can be treated as a second order parameter
and can be used to fine tune the final architecture. The most important parameters appear to be
the number of FUs and the number of clusters in the architecture.

Given this fairly large design space, we can use different design goals to guide the tradeoff
analysis of the penalties versus the important architectural parameters. We propose three different

approaches for analyzing the data obtained through our partitioning approach.
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Figure 4: Instructions per iteration vs. number of output ports for LL9 and Motorola loops

The first approach is based on the assumption of a limited number of ports for each RF. Note
that this is a practical constraint, particularly important for realizing RFs using current CMOS
design techniques, and is one of the major reasons for going to a LC VLIW architecture.

The achievable gain obtained through the use of partitioned architecture can be visualized by
plotting the penalty data versus the number of output ports for each implementation. Figure 4
shows the plots of the number of steps versus the number of ports using a different number of
RFs for the Motorola and LL9 loops. Note that that a reasonable increase in performance can
be obtaiﬁed by constraining the number of ports and replicating the largest ideal VLIW model
that can be built with the maximal number of ports. For instance, if we constrain ourselves to
2-output-ports per RF, we can achieve a 55% speedup using a 2-cluster architecture (where each
cluster contains a single FU connected to a RF), and a 98% speedup with 3 clusters.

Although this straightforward approach is useful as a guideline for tradeoff analysis when we
are primarily limited by the number of ports on a RF, we can use other approaches to better
search the entire design space based upon other design goals.

We illustrate the other tradeoff analysis schemes by generating a fairly comprehensive design

space that covers a different number of ports, different number of register files and different
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Figure 5: Number of instructions vs output ports vs clusters in Motorola loop

communication bandwidths. To get a better understanding of the tradeoff space, we recall the
area/delay complexity figures previously outlined: the area of a RF is roughly proportional to
the square number of ports, while the access time is roughly proportional to the logarithm of the
number of output ports.

Tables 2 3, 4 and b present the data for the Motorola and LL9 loops. The penalties are
displayed on a two dimensional matrix: the horizontal dimension defines the number of clusters
and the vertical dimension measures the number of ports per register file for that configuration.
The remaining parameters (number of functional units and bandwidth) are printed on the side of
each penalty number. Tables 2 and 3 refer to the global number of ports while Tables 4 and 5 refer
to output ports only. Figure 5 presents the results for the Motorola loop in a three-dimensional
form.

We now propose two other general tradeoff schemes that scan the entire design space in an

attempt to perform tradeoffs. The top-down approach begins with a fully-connected, ideal VLIW




model and investigates the effects of successively partitioning this ideal model into a number

of VLIW clusters to meet a constraint such as the desired number of clusters. The botfom-up
approach, on the other hand, starts with a small, ideal VLIW. and attempts to replicate these
ideal VLIW “slices” to build the target machine; the major goal is then to study the performance
penalty relative to the size of the replicable VLIW “slice”. For the rest of this section, we illustrate
the tradeoff analysis using the top-down approach approach; a similar analysis can be performed
for the bottom-up approach.

Since the top-down approach compares the advantages and disadvantages of splitting an ideal
VLIW architecture, thanks to the complexity figures defined, we can use it to compare more
feasible LC VLIW design models in terms of the area and access time required by the RFs.

Consider Table 4 which shows the variation of number of instructions per loop to output ports
for the Motorola loop. If we start with a large, e.g., 8-FU ideal VLIW (i.e., with | RF), splitting
the architecture into two results in an increased penalty from 35 to 43 steps, versus 56 steps for
a 4-FU ideal architecture (i.e., with 1 RF). The two cluster 8-FU architecture and the ideal 4-
FU architecture have the same number of output ports, so it is reasonable (due to our previous
assumptions) that the register access time is about the same. We can therefore conclude that 50%
(43/35) of the achievable speedup in the ideal model (56/35) can be achieved in the partitioned
architecture with the same number of output ports.

We must also consider that for an 8-port RF, the memory cycle time can be squeezed to
1—‘;—’5(‘—186% ~ (.75 ® times the 16-port cycle time; although this percentage is not directly proportional
to the execution cycle time, this reduction can be used to meet a specification. This weighted
penalty figure for the Motorola loop is displayed in figure 6, where the results of Table 4 are
weighted with the logarithm of the number of output ports.

Partitioning the 8-FU architecture into two allows us to reduce the area of each RF by a factor
of f—‘é—;— x~ 2.25 4. If we simply duplicate the register file, that is, assign each cluster a register file
with as many registers as in the fully connected model, the total area is almost the same (about the
90% of the original area). This assumption is probably too restrictive since each cluster has half
the FUs and thus probably requires a smaller number of registers. However, it can be considered
as an upper limit for the total area that must be reserved for the registers.

The overall result is that using a 2-cluster architecture, we can design a machine with a 30%

smaller register cycle time and whose motorola benchmark code is 22% longer; a smaller area is

3Refer to section 2.3
*Idem
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needed for the memory and a much smaller number of ports per register file are required. Table 2

shows 14 total ports for a 8-FU VLIW with 2 clusters versus vs 24 total ports for an ideal 8-FU
architecture. The same configurations require respectively 8 vs 16 output ports, as can be seen
on Table 4. This seems to suggest that we can achieve about the same performance as a fully
connected architecture, but with a smaller amount of area reserved for registers and with the
number of ports significantly reduced.

These results can be improved when a 4-cluster 8-FU model is considered. Table 2 shows it
takes 56 step to execute the Motorola benchmark but because it needs only 4 output ports per
RF, the memory cycle time can be cut in half, maybe more, since the 4-output port RF can be
built using a different that is faster as compared to a 16-output port RF. Following the thread
of reasoning outlined above we can conclude that the area can improved by a factor of four, and
although we have to pay a larger cost in terms of number of registers because now there are four
register files, it seems reasonable for the substantial improvement achieved. This model can be
compared with the 4-FU fully connected (ideal) VLIW (i.e 1 RF) that takes the same number
of steps to execute, but has a 50% longer register cycle time due to the larger number of output
ports (8 vs. 4, see Table 4). Hence the partitioned approach still appears to be better in terms of
performance.

Using the bottom-up approach, we can perform a similar tradeoff analysis. If we duplicate a
2-FU ideal VLIW using the interconnection scheme proposed earlier, we obtain a 35% speedup for
a 2-cluster, a 63% for a 3-cluster and a 78% for a 4-cluster architecture; all with the same number
of ports on the RF and hence with the same register access time.

Table 4 shows that the 4-cluster 8-FU VLIW requires the same number of steps to execute the
Motorola loop as the ideal 4-FU VLIW, but with half the number of output ports (that is 4 vs 8).
This means a 50% faster register cycle time for the 4-cluster approach. In table 4 it can be seen
that the LC VLIW with 8 moves allowed per instruction uses the same number of ports as a ideal
4-FU VLIW requires, but this measure can be improved if we allow only 2 moves per instruction;
the total number of ports per RF then goes down to 8 (from 12) and the number of steps only
grows by 7%.

A final tradeoff consideration can be made by looking at the Figure 6 that gives a three-
dimensional view of the weighted penalty variation. The figure shows the delay contribution,
calculated as the number of instructions per loop times the logarithm of the number of output

ports in the configuration, of the register access to the data-path cycle time.
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From this figure, it is clear that the penalty is no longer a monotonic function of the number

of functional units. Note that this penalty now refers to an estimated RF access delay times the
number of steps taken to execute a loop iteration, and hence does not directly relate to a real
execution time. However, this figure suggests that if the RF access time is the major bottleneck for
the system clock cycle, then the fastest VLIW architectures are built by replicating small clusters,

rather than by increasing the number of FUs in the ideal VLIW.

5 Summary

This paper described the need to examine architectural tradeoffs for Limited Connectivity VLIWSs,
since the ideal VLIW requires a RF with an unrealizable number of ports. We claim that a
partitioned architecture is a suitable way to design VLIWSs since it allowed us to sensibly reduce
the complexity of each cluster with a reasonable amount of execution overhead. The reduced
complexity can be used to exploit better hardware performances and to design components that
can be feasibly implemented.

We presented a sample Limited Connectivity VLIW architecture that uses multiple, port-
limited RFs for architectures that are realizable in CMOS technologies. We described a code
partitioning technique that can be used to map the ideal VLIW code into this Limited Connec-
tivity VLIW architecture under different constraints such as a fixed number of partitions, a fixed
number of data moves between partitions and a maximum number of ports per RF partition.
The partitioning of code into multiple RFs (each with a limited number of ports) may result in a
degradation of performance due to the extra moves required to transfer data from one partition to
another. We therefore presented the results of some experiments using standard benchmarks that
allow a designer to perform a tradeoff analysis between limiting the number of ports in a RF, the
size of each RF partition, and the effects on the performance of the specific VLIW realization.

We presented these results, along with an analysis that provides some insights for architectural

tradeoffs in the actual implementation of these Limited Connectivity VLIWSs.

21



J address code, 3 ports/register file

LL7 LL8 LLu LL10 LL13 cralel motorola total
31 130 30 43 73 18 218 422
fully connected, 2 ops per instr, § ports/HF required

LL7 LL3 LLu LL10 LL13 cralel0 motorola total
19 By 23 i 41 9 100 233
2 clusters, 2 ops per instr, 4 ports/RE required

LL7 LL3 LL9 LL10 LL13 cralel0 motorola total
24 %21 90 30% 35 47 % 34 54 % 50 21 % 11 22 % 140 40% 204
fully connected. 3 ops per instr, 0 ports/RF required

LL7 LL8 LLY LL10 LL13 cralel0 motorola total
13 53 18 17 34 6 70

3 clusters, 3 ops per instr, 5 ports/RF required

LL7 LL3 LL9 LL10 LL13 cralel0 motorola total
23 27% 36 28 55% 32 38% 44 29% 9 33% 110 57% 332
fully connected, 4 ops per instr, 4 moves per instr, 12 ports/RF required

LL7 LL8 LLg LL10 LL13 cralel0 motorola total
13 48 15 15 al 5 56 140
2 clusters, 4 ops per instr, 4 moves per instr, 8 ports/RF required

LL7 LL3 LL9 LL10 LL13 cralel0 matorola total
18 0% 55 14% 18 20% 19 26% 33 6% 6 20% 74 32% 223
2 clusters, 4 ops per instr, 2 moves per instr, 8 ports/RF required

LL7 LL3 LL9 LL10 LL13 cralel0 motorola total
18 0% 55 14% 13 20% 19 26% 33 6% 6 20% T4 32% 223
4 clusters, 4 ops per instr, 4 moves per instr, 6 ports/RF required

LL7 LL8 LLS LL10 LLI3 cralel0 motorola total
23 35% 79 64% 23 53% 29 93 % 43 38% 8 60% 98 75% 303
4 clusters, 4 ops per instr, ? moves per instr, 5 ports/RF required

LL7 LL8 LLS LL10 LL13 cralel0 motaorala total
23 35% 80 % 23 53% 30 100% 45 15% 9 80% 98 5% 308
fully connected, 6 ops per instr, 18 ports/RF required

LL7 LL8 LL9 LL10 LL13 cralel0 motorecla total
18 47 13 13 31 3 41 166
3 clusters, 6 ops per instr, 3 moves per instr, 8 ports/RF required

LL7 LL8 LL9 LL10 LL13 cralel0 motorola total
18 0% 54 13% 16 23% 17 30% 34 10% 4 33% 62 51% 205
d clusters, 6 ops per instr, 6 moves per instr, 10 ports/RF required

LL7 LL8 LL9 LL10 LL13 cralel0 motorola total
18 0% 53  14% 16 23% 17 30% 34 10% 4 33% 61 48% 203
1 cluster (limited connectivity), 8 ops per instr, 24 ports/RF

LL7T LL8 LLS LL10 LL13 cralel0 motorola total
18 46 12 12 31 3 35 157
2 cluster (limited connectivity), 8 ops per instr, 8 moves per instr, 16 ports/RF

LL7 LL8 LL9 LL10 LL13 cralel0 motorala total
18 0% 48 5% 14 18% 15 25% 31 0% 3 0% 43 22% 171
2 cluster (limited connectivity), 8 Ops per instr, 4 moves per instr, 16 ports/RF

LL7 LL8 LL9 LL10 LL13 cralelD motorola total
18 0% 48 5% 14 18% 15 25% 31 0% 3 0% 43 22% 171
2 cluster (Timited connectivity), 8 ops per instr, 2 moves per instr, 14 ports/RF

LL7 LL8 LL9 LL10O LL13 cralel0 motorola total
18 0% 48 5% 14 18% 15 25% 31 0% 3 0% 43 22% 171
4 cluster (limited connectivity), 8 ops per instr, 8 moves per instr, 12 ports/RF

LL7 LL8 LL9 LL10 LL13 cralel0 motorola total
18 0% 53 15% 15 25% 16 33% 34 10% 4 33% 56 60% 196
4 cluster (limited connectivity), 8 Ops per instr, 4 moves per instr, 10 ports/RF

LL7 LL8 LL9 LL10 LL13 cralel0 motorola total
18 0% 53 15% 15 25% 16 33% 34 10% 4 33% 60 1% 200
4 cluster (hmited connectivity), 8 ops per instr, 2 moves per instr, 8 ports/RF

LL7 LL8 LL9 LL10 LL13 cralel0 motorola total
18 0% 55 19% 15 25% 17 41% 34 10% 4 33% 62 7% 205

Table 1: Number of instructions per loop, different configurations
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tot  # parts

1 Register Fil- 2 Register Files 3 Register Files

4 Register Files

4 ports
5 ports

6 ports

T ports

ports

9 ports

10 ports
11 ports
12 ports
13 ports
14 ports
15 ports
16 ports
17 parts
18 ports
19 ports
20 ports
21 ports
22 ports
24 ports

x

- 140 (2fu/2mv) =

100 (2fu)

70 (3fu)

545 (4fu)

41 (6fu)

35 (8fu)

= 43 (8fu/(2mv)

43 (8fu/(8/4)mv) s

110 (3fu/3mv)

- T4 (dfu/(2/4)mv) 62 (6fu/3mv)

61 (6fu/6mv)

08 (4fu/4mv)

60 (8fu/2mv)
60 (8fu/4mv)
56 (8fu/8mv)

Table 2: Number of instructions vs ports vs clusters Motorola loop

tot. # ports

L Register File 2 Register Files 3 Register Files

4 Register Files

4 ports

5 ports

6 ports

7 ports

8 ports

9 ports

10 ports
11 ports
12 ports
13 ports
14 ports
15 ports
16 ports
17 ports
18 ports
19 ports
20 ports
21 ports
22 ports
24 ports

- 35 (2fu/2mv)

23 (2fu)

18 (3fu)

15 (4fu)

13 (6fu)

12 (8fu)

- 14 (Sfu-/(f.’mv] -

- 14 (8fu/(8/4)mv) -

28 (3fu/3mv)

18 (4fu/(2/4)mv) lﬁ(ﬁfl.-:/!lmv)

16 (6fu/6mv)

23 (4fu/4mv)
15 (8fu/2mv)
15 (8fu/4mv)

15 (8fu/8mv)

Table 3: Number of instructions vs ports vs clusters LL9 loop

output ports

1 Register Fil=

2 Register Files 3 Register Files

4 Register Files

1 ports
2 ports
3 ports
4 ports

‘ 5 ports
6 ports
| 7 ports
8 ports
9 ports
10 ports
11 ports
12 ports
13 ports
14 ports
15 ports
16 ports

218 (1fu) 140 (2fu/2mv) 110 (3fu/3mv)

100 (2fu) T4 (4fu/(2/4))mv 62 (6fu/3mv)

70 (3fu) _

61 (6fu/6mv)

56 (4fu) 43 (8fu/(2/4/8)mv) -

41 (6fu) -

35 (8fu) -

98 (4fu/4mv)

60 (8fu/(2/4)mv)
56 (8fu/8mv)

Table 4: Number of instructions vs. output ports vs clusters in Motorola loop
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output ports 1 Register File 2 Register Files 3 Register Files 4 Register Files

ports - a 5 .
ports 39 (1fu) 35 (2fu/2mv) 28 (3fu/3mv) 23 (4fu/4mv)
ports - - - -

ports 23 (2fu) 18 (4fu/(2/4)mv) 16 (6fu/(3/6)mv) 60 (8fu/(2/4/8)mv)
ports - d 5 s

ports 18 (3fu) - - -

ports - - )

ports 15 (4fu) 14 (8fu/(2/4/8)mv) - -
ports -
10 ports - -

11 ports - . }
12 ports 13 (6fu) - -
13 ports - - -
14 ports - - s
15 ports - - =
16 ports 12 (8fu) - - -

O -® bW

Table 5: Number of instructions vs output ports vs clusters in LLY loop
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