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ABSTRACT

VLIW processors have started gaining acceptance in the embedded
systems domain. However, monolithic register file VLIW proces-
sors with a large number of functional units are not viable. This
is because of the need for a large number of ports to support FU
requirements, which makes them expensive and extremely slow. A
simple solution is to break up this register file into a number of
small register files with a subset of FUs connected to it. These
architectures are termed as clustered VLIW processors.

In this paper we first build a case for clustered VLIW proces-
sors with more than four clusters by showing that the available
ILP in most of the media applications for a 16 ALU and 8 LD/ST
VLIW processor is around 20. We then provide a classification
of the inter-cluster interconnection design space, and show that a
large part of this design-space is currently unexplored. Next, us-
ing our performance evaluation methodology, we evaluate a subset
of this design space and show that the most commonly used type
of interconnection, RF-to-RF, fails to meet achievable performance
by a large factor, while certain other types of interconnections can
lower this gap considerably. We also establish that this behavior
is heavily application dependent. We also present results about the
statistical behavior of these different architectures by varying the
number of clusters in our framework from 4 to 16. These results
clearly show the advantages of two of the architectures over others.
Finally, based on our results, we give some proposals for a new in-
terconnection network, which should lower this performance gap.

Categories and Subject Descriptors
C.1.1 [Processor Architectures]: VLIW architectures
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Available Instruction Level Parallelism (ILP) in applications, specif-

ically media applications, has been a point of debate for long. A
few evaluation mechanisms and studies are presented in [2, 6, 7,
14]. The main problem with these studies is that most of them
are carried from the compiler perspective, rather the design-space-
exploration perspective. Towards, this end the achievable ILP and
not the available ILP is measured. However, what a designer is ba-
sically interested in is the available ILP. These achievable studies
use a compiler for extracting parallelism. This restricts the achieved
ILP by the ability of the compiler to extract operation level concur-
rency. The simulation driven methodologies also get bogged down
by the ability of caches to supply data to the FUs and as a con-
sequence the achieved ILP reported by these studies is quite low.
However, a simple look at the kernels of media applications shows
that there is tremendous ILP present. One study which presents re-
sults for available ILP is [14]. However, they have reported results
for SPEC95 benchmarks and not media applications. The problem
with [22] is that they deal purely with application behavior totally
disregarding architectural constraints.

A large amount of ILP naturally justifies large number of FUs for
multiple-issue processors, which in turn due to the prohibitively
expensive register file [18] justify clustering. Clustering is noth-
ing new as a large number of architectures, both commercial as
well as research, have had clustered architectures. These include
Siroyan[20], TiC6x, Sun’s MAJC, Equator’s MAP-CA, TransMo-
grifier [15]. A large variety of inter-cluster interconnection mech-
anisms is seen in each of these processors. However, the tools
which have been developed for these architectures are not retar-
getable, and are specific to the particular architecture developed.
Also, what is missing is a concrete classification of interconnection
design-space as well as a formal study of the impact of different
interconnections on performance. This is the focus of our paper.

A first study of various inter-cluster communication mechanisms
has been presented in [23]. However, they have considered only
five different communication mechanisms and also the amount of
ILP in their benchmarks is quite low (maximum is around 4). Our
classification broadens their range and brings in a new domain of
architectures into consideration. Since, they only have an ILP of
four, they have not explored beyond four clusters. It was our hy-
pothesis and which has been validated by the results, that restricting
to four clusters would not bring out the effects of different intercon-
nection mechanisms. Another limitation of [23] is that they have
used compiler scheduling for result generation. Thus amount of
detected parallelism is directly proportional to the size of the block



DSP-Stone Kernels
| S.No. || Kernel Name || Avg. ILP

1. Matrix Init. 20.42

2. IDCT 21.97

3. Biquad N Sect. 21.64

4. Lattice Transfor. 23.33

5. Matrix Mult. 19.64

6. Insert. Sort 18.94

MediaBench Benchmarks

S.No. || Bench. Name ILP
Evaluated | Others | Avg.
7. JPEG Dec. 19.94 3.1 18.98
8. JPEG Enc. 20.86 2.4 20.71
9. MPEG2 Dec. 17.23 2.1 13.90
10. MPEG2 Enc. 13.17 32 12.55
11. G721 Dec. 16.95 2.3 15.06
12. G721 Enc. 19.14 2.1 19.14

Table 1: Average ILP in Benchmarks (16-ALU, 8-MEM)

being formed by the VLIW compiler for scheduling. While they
do work on a specialized block called Treegion [1], which is larger
than the Hyper Blocks [16] or Super Blocks [8] typically formed
by a VLIW processor, the extracted parallelism is still quite small.
Based on these observations, we work directly with the data-flow
of an application, as described in [14]. An instruction trace is ob-
tained from a VLIW compiler, Trimaran [24], and then the data-
flow graph (DFG) is generated from this. This DFG is scheduled
and bound to the various FUs to obtain the final performance num-
bers. Using such a methodology allows us to bypass compiler lim-
itations.

The rest of this paper is organized as follows; Section 2, gives
the available ILP in benchmarks as well as discusses the techniques
used to evaluate these benchmarks. Section 3, gives a classification
for the design space of inter-cluster interconnection networks for
clustered VLIW processors. Section 4, gives our design space ex-
ploration methodology and gives an overview of the various algo-
rithms. Section 5, tabulates the results obtained for various bench-
marks for different architectures and also discusses their implica-
tions. Finally Section 6, sums up our work as well as gives direc-
tions for further research.

2. ILPIN MEDIA APPLICATIONS

For the available ILP, we present the results for a set of media
benchmarks. The main source of benchmarks is MediaBench I
[13]. To examine relevance, we have focused only on those Me-
diaBench I applications which are part of proposed MediaBench 11
[5]. A second smaller set of benchmarks was chosen from various
sources, primarily, Trimaran [24] and DSP-Stone [25]. A profile
was obtained for the entire application and a set of most time con-
suming functions was chosen. This set consumes more than 85%
of the application execution time.

The Trimaran system is used to obtain an instruction trace of
the whole application from which a DFG is extracted for each of
the functions. The machine model used for Trimaran is an ex-
tremely flexible one, with 256 GPR and 1024 Predicate registers to
reduce the number of false register reuse dependences. Also, it has
32 Float, Integer, Memory and Branch Units each to remove any
ILP losses due to insufficient resources. Trimaran also performs
a number of ILP enhancing transformation, out of which the loop

unrolling transformation is the most important one. This reduces
false register dependences, introduced due to register reuse. The
DFG generation phase picks up each instruction in sequence and
searches backwards from that instruction. In the process it finds out
the first occurrence of the source registers/address of this instruc-
tion in the destination field of a previous instruction. If the source
register is found, a data-flow edge is introduced. However, if the ad-
dresses are found to match, then the communication has happened
through memory and a false edge is introduced. This false edge
doesn’t denote data dependency, rather, it denotes a constraint for
the scheduler that this instruction should not be scheduled before
the instruction which stores this value in memory.

Finally, a resource constrained list scheduling, with distance-to-
sink as the priority function, is done on these operations to obtain
ILP numbers. The final results are shown in Table 1. Here the col-
umn Evaluated, shows the ILP obtained for the functions of this
application which we have considered based on profile results to
capture more than 85% of the application execution. The column
Others shows the average ILP numbers taken from [6] for the re-
maining parts of the application. The Avg. column is a weighted
sum of columns 3 and 4 with weights based on profiles. These re-
sults show, that the amount of achievable ILP in media applications
is quite high.

3. INTERCONNECTIONDESIGN SPACEFOR

CLUSTERED VLIW PROCESSORS

I I
=) =g (=

Figure 1: RF-to-RF (6 =1)

Clustered VLIW processors can be classified on the basis of their
inter-cluster communication structures. At the top level we can
divide them into two sub-categories: a) Those supporting inter-
cluster RF-to-RF copy operations and b) Those supporting direct
inter-cluster communication between FUs and RFs. There is very
little variety in the architectures supporting RF-to-RF copy opera-
tions. At most these can be classified on the basis of the intercon-
nect mechanism which they use for supporting these transfers. The
examples of such architectures are: Lx [4], NOVA [9], Sanchez et.
al. [19], IA-64 [21]. An example RF-to-RF architecture is shown
in Figure 1.

We use the RF—FU (read) and FU—RF (write) communication
mechanisms to classify direct inter-cluster communication archi-
tectures. The reads and writes can be from either the same cluster
or across clusters. The communication can be either using a point-
to-point network, a bus or a buffered point-to-point connection. An
underlying assumption is that FUs always have one path to their
RF (both read and write) which they may or may not use. A few
examples of these architectures are shown in Figures 2 and 3. The
architecture shown in Figure 3(a) has been used by Siroyan [20],
Transmogrifier [15] etc.

Our complete design space of clustered architectures is shown
in Table 2. The Columns 1 and 2 marked as Reads and Writes de-
note whether the reads and writes are across (A) clusters or within
the same (S) cluster. Columns 3 and 4 marked as RF—FU and
FU—REF, specify the interconnect type from register file to FU and



from FU to register file respectively. Here, PP denotes Point-to-

Point and PPB denotes Point-to-Point Buffered. This table also

shows in Column 5, the commercial or research architectures which

RE. ‘ ‘ RE. ‘ have been explored in this complete design space. For example the
TiC6x is an architecture, which reads across clusters and writes to

w thef same clus.ter; it uses .b.uses for reading from RFs and point-to-
point connections for writing back results to RFs.

We would like to contrast here our classification with what has

(a) Write Across-1 been presented in [23]. They have only considered five different

communication mechanisms and have not presented a classifica-

tion. The bus-based and communication FU based interconnects

F . which they have considered are part of the RF-to-RF type com-

munication domain in our classification. The extended results type

- < < architecture is a write across architecture in our classification and

extended operands is basically a read across type of architecture as

per our classification. However, here again, they have considered

only one type of interconnect, point-to-point, whereas others such

as point-to-point buffered, buses are also possible. These have been
shown in Table 2.

It can be clearly seen from Table 2 that a large range of archi-

tectures has not been explored. For each of these architectures an

RF. RE. important metric is the maximum hop distance between any two

- L S ch;stfers (5)}:1 For example in ca;c;) of glrcl;itecture in FigélrelZ(a) 6=8

and for architecture in Figure 3(b), d = 4 assuming an 8-cluster con-

w figuration. & is not an ingdependent parameter, itgcan be calculated

from the architecture type and number of clusters (n¢,sers)-

(b) Read Across-1

(c) Write/Read Across-1

Reads | Writes || RF—FU | FU—RF || Available
Archs.
Figure 2: Architectures with (3 = 8) N S PP PP TriMedia, FR-V,
MAP-CA, MAJC
A S PP PP
A S Bus PP Ti C6x

ﬁ - A S PPB PP

S A PP PP Transmogrifier,

l g

‘ RF. ‘ ‘ RF. ‘ Siroyan, A\RT
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(b) Read Across-2

" - 4. DESIGN SPACE EXPLORATION METHOD-
] A | a OLOGY
w Figure 4 shows the overall design space exploration methodol-
ogy. The Trimaran system is used to obtain an instruction trace of

the whole application from which a DFG is extracted for each of

(c) Write/Read Across-2 the functions. Trimaran also performs a number of ILP enhanc-

ing transformation. This trace is fed to the DFG generating phase,

which generates a DFG out of this instruction trace. The chain de-

Figure 3: Architectures with (8 = 4) tection phase finds out long sequences of operations in the gener-
ated DFG. The clustering phase, which comes next, forms groups

Table 2: Overall Design-Space for Direct Communication Ar-
chitectures




of chains iteratively, till the numbers of groups is reduced to the
number of clusters in the architecture. The binding phase, binds
these groups of chains to the clusters. It needs to be noted that
the operation to FU binding is done in two steps. First operation to
cluster binding is done and next operation to FU in a cluster binding
is done. Since, during clustering, the partial schedules are calcu-
lated (explained in detail later), the typical phase coupling problem
[11, 17], is contained to a large extent, while still keeping the over-
all problem size manageable. Lastly, a scheduling phase schedules
the operations into appropriate schedule steps. More details of each
of these phases are presented in subsections below.

Trimaran

—®  +|LP Enhancement —»’ DFG Generation H Chain Detection ‘

these are shown in Figure 5. In the first case one of the source
nodes is left alone as a consequence of merger of its only child. In
the second case the destination node is left alone as a consequence
of merger of both its parents in separate chains. In the last case, the
node doesn’t have any parents or children and as a consequence is
dangling. In the singleton merger phase, the singletons which do
not have any source or destination are distributed in 7.,y DUM-
ber of chains (groups). The idea is that these would not constrain
the scheduler in any way, as they do not have any source or destina-
tion dependency. Nodes, which have no destinations (sources) are
merged with the shortest chain of their sources (destinations).

4.4 Clustering

C- Source

* Trace Generation

Y
Chains to Cluster Clustering For .
Binding Chain Grouping Singleton Merger

Arch. Description

I

Final Scheduling Final Performance Nos.

Figure 4: DSE Framework

4.1 DFG Generation

The DFG generation is carried out as described in Section 2.

4.2 Chain Detection

Our main emphasis is on minimizing communication amongst
various clusters. The long sequences of operations denote com-
patible resource usages, as well as production and consumption of
values. This makes them ideal candidates for merger into a single
cluster [10]. Since the operations are sequential any ways, no con-
currency is lost due to this merger. In the chains detection phase
long sequences of operations are found in this DFG. The idea is to
bind these chains to one cluster. Since, the DFG is acyclic, stan-
dard algorithms can be applied to find the long sequence of oper-
ations (chains). It needs to be noted that the detected chains are
not unique, and will vary from one chain detection algorithm to
another.

4.3 Singleton Merger

Detected Chain Detected Chain

Singleton

Detected Chain

No Parents No Children Dangling

Figure 5: Reasons for Singleton Generation

The chain detection phase returns a large number of chains. In-
cluding a significant number which have only one element (single-
ton). After observing the large number of singletons we specifically
introduced a singleton merging phase. The singletons can be gen-
erated due to a number of reasons. The three most prominent of

Algorithm 1 Clustering Algorithm

1: resources < resources_per _cluster xn_clusters
2: schedule_pure_vliw(graph, resources)

3: while (no_of _chains(graph) > n_clusters) do

4:  for (i = 1to no_of _chains(graph)) do

5: for (j =0to i) do

6: dup_graph < graph_dup(graph)

7 dup_chains < graph_dup(chains)

8 merge_chains(dup_graph,dup_chains, i, j)

9: a; j < estimate_sched(dup_graph,dup_chains)
10: end for
11:  end for

12:  SORT(A) giving first priority to increase in sched_length. If
the sched_length is equal, give priority to chains which have
more communication edges. If this is also the same give
priority to smaller chains.

13:  n_merge < 0.1 % ngpgins Or number of mergers required to
make new nojgins = Relusters> Whichever is lower.

14:  merge top n_merge chains from A

15: end while

The next phase is the clustering phase (Algorithm 1). Here the
number of chains is reduced to the number of clusters, by grouping
selected chains together. The idea here is to reduce the inter-cluster
communication between various groups. However, the closeness
between these groups is architecture dependent. This can be better
understood by examining architectures shown in Figures 2(a) and
3(c). While in the former, each cluster is write close to the adja-
cent cluster, in the latter, any two adjacent clusters are both read as
well as write close. During the clustering process, in this stage we
assume that finally the communication would happen through the
best possible inter-cluster interconnects. Thus, this schedule length
effectively represents a lower bound on the actual schedule length.

The loop (steps 3 to 15) reduces the number of chains to n.y,gers
by pairwise merger of chains. The chains are examined pairwise
for their affinity (step 4 to 11) and a lower triangular matrix C is
formed. Here each element c;; gives the estimated schedule length
due to merger of i and j (step 9). The C matrix is sorted according
to multiple criteria (step 12). At each stage most beneficial 7erge
pairs are selected and merged (steps 13 to 14).

The schedule estimation algorithm (Algorithm 2), works as fol-
lows: Each of the nodes in the particular merged group of chains is
scheduled taking into account data dependency. For scheduling we
assume that each operation takes one cycle. The basic scheduling
algorithm is list scheduling with distance from sink as the priority
function. If at any stage a node has any outgoing edge, then the
node connected to that particular edge is marked dirty. However,
the schedule of this particular node and all its children is not up-
dated till it is needed. If at a later stage any node has an incoming



Algorithm 2 Estimating Schedule (all except RF-to-RF)

: Initialize the schedule step of all nodes in this chain to 0
: prior_list <= Build priority list
> curr_step <=1
. repeat
Initialize all used capacities to zero
ready_list <= Build ready list
for all (Resources) do
curr_node <= list _head (ready_list)
while (curr_node # NULL) do
rqd_cap < Incoming External Edges
resv_step <=0
if (rqd_cap + usd_cap > avail cap_rd) then
for all (Incoming valid external edges) do
Update schedule of dirty nodes
Find first free write slot from this cluster
usd_cap + =1
wrt _slot[src_cluster] <= sched step[src_node] + 1
if (usd_cap > max_cap_wr) then

usd_cap <=0
wrt _slot[src_cluster] + = 1
end if
resv_step <= max(all write slots)
end for
end if

curr_node.sched _step < max[resv_step, curr_step)
Mark all out nodes as dirty
list_remove(ready_list,curr_node)

28: end while

29:  end for

30:  currstep +=1

31: until (prior_list.n_nodes # 0)

32: Return max. schedule length

RN — = — —
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edge from this node or its children, then the schedule of the dirty
node along with the schedule of all its connected nodes is updated.
This leads to a significant saving in computation.

Steps 1 and 2, prepare the graph for scheduling. The priority
list, contains the nodes in this chain sorted in descending order of
distance-to-sink. The main loop (steps 4 to 31) is repeated till all
the nodes in the graph have been scheduled. The second loop body,
(steps 7 to 29), tries to schedule as many operations in this cycle as
possible. It starts by picking the node at the head of the ready list
(step 8) and checks if the external edges feeding this node, exceed
the read capacity (step 12). The read capacity is simply the number
of external values which can be simultaneously read by a cluster.
For example for the architecture shown in Figure 2(b), the read
capacity is one and for architecture shown in Figure 3(b) it is two.
The node assumes best connectivity between any two clusters. If
the required capacity is exceeded it tries to estimate the effect of
transfer delay as well as book transfer slots (steps 14 to 22). When
all the nodes in the chain have been scheduled the algorithm return
the value of maximum schedule length in the graph.

We observed the results of this phase on small graphs using a
graph visualization tool. The set of heuristics is effectively able to
capture all the connected components as described in [3]. Figures
6 and 7, show the detected connected components for two exam-
ples. The numbers inside the nodes, show node no.::group no. The
source code in both these cases was doing some computation and
the resultant value was being assigned to distinct matrix elements.
It needs to be noted that we have nowhere done an explicit con-
nected component detection as in [3].

4.5 Binding

The next step is to bind these groups of chains to clusters. Al-
though the value of n.j,grs is quite small (8 in our case and gen-

[196::1| [198::1] [197::1] [185::2| [180::2| [184::2]

|sz;::1| [321::1] |32§::1| |32§::2| [318::2] |32£::2|

Figure 6: Detected Connected Components (I)

Figure 7: Detected Connected Components (II)

erally not more than 16), still the number of possible bindings is
quite large. This effectively rules out any exhaustive exploration of
the design space. The following observation, established through
experimentation, makes this stage extremely important: while a
good result propagation algorithm can affect the schedule length by
around a factor of two, a poor binding at times can lead to sched-
ules which are more than four times larger than the optimal ones.

Algorithm 3 Binding Algorithm

. connect _graph < gen_connect _graph(graph, chains)

: while (Not all nodes in connect graph are bound) do
source_node < find_highest_wt _edg(connect_graph)
Bind both nodes of this edge to closest clusters

: end while

: while (Not all clusters have been considered) do
prev_sched_len <= sched len(graph)

Swap binding for two adjacent clusters

. sched_len < schedule_graph(graph)

10:  if (prev_sched_len < sched _len) then

11: Swap back bindings for these clusters

12:  endif

13: end while

The binding heuristics are driven by what impact the communi-
cation latency of a particular node will have on the final schedule.
In effect we recognize that the data transfer edges from each of
the merged group of chains to some other group are not equiva-
lent. Some are more critical than the others in the sense that they
would affect the schedule to a larger extent. The heuristics try to
capture this, without explicit scheduling. We calculate the ASAP
and ALAP schedules for each of the individual nodes. A first or-
der estimate of this impact is given by the mobility of each indi-
vidual node. Say, we have a communication edge from V; to V;,



and ASAP and ALAP schedules for these nodes are a;, a; and 1;,
l; respectively. Then if (a;j —{;) > 8, where 8 is the maximum
communication distance between any two clusters, then this edge
is not critical at all. As there is enough slack to absorb the effect
of even the largest communication latency. On the other hand if,
(Ij = a; + 1) the node has zero mobility and is thus most critical.
We calculate the weight of each communication edge as follows:
W; j = max (0,87 <# - ‘Z’TH’>>

While weighting measure is able to segregate non-critical edges
from critical ones, it is not able to distinguish clearly between edges
whose nodes have equal mobility. To take this second effect into
consideration, we also consider the distance from sink, or path
length for each of the source nodes. This path length when mul-
tiplied with Wi, j, gives us the final weight for each of the commu-
nication edges.

h 4 h 4
|14::4| |2::0| |s::1|

|3::0| |7::1|
Figure 8: Input Graph for Binding

Algorithm 3, shows the binding algorithm. The algorithm works
on a weighted connectivity graph, which is generated as discussed
above. The initial part of the algorithm (step 2 to 5) is basically a
greedy one. While it seems to work well for architectures which
communicate only in one direction, the algorithm fails to take ad-
vantages of architectures which can both read from as well as write
to the adjacent clusters. Partially motivated by this and partially by
[12], we thus bring in an additional iterative improvement phase,
by performing a local search around this initial binding (step 6 to
13).

An example of this appears in Figures 8 and 9. The input graph is
shown in Figure 8 and the corresponding connectivity, with each of
the group of chains as node is shown in Figure 9(a). For the connec-
tivity graph, the edge weights represents number of transfers across
groups of chains. Looking at this graph, it appears that groups, 2
and 3 which are the most heavily connected need to be assigned
to clusters which are close. However, from the input graph in Fig-
ure 8, it is clear that this is not the case. Both the groups accept
input from group 1, and till the time that communication doesn’t
take place, nodes 8 and 12 cannot be scheduled. This makes the
connections between groups 1 and 2 more critical than those be-
tween groups 2 and 3. The criticality graph shown in Figure 9(b),
shows that using the set of heuristics above, this fact has actually
been brought out.

4.6 Final Scheduling

The scheduling phase is architecture specific. We have separate

iy s ] [

(a) Connectivity

(b) Criticality

Figure 9: Connectivity and Criticality Between Clusters

schedulers for RF-to-RF type architectures and direct inter-cluster
communication architectures. Although a few scheduling algo-
rithms for clustered architectures have been reported in literature,
they all are specifically meant for RF-to-RF type of architectures
[3, 12, 19]. Our scheduling algorithm again is a list scheduling al-
gorithm with distance of the node from sink as the heuristic. What
it additionally contains is steps to transfer data from one cluster to
other. The result propagation algorithm, tries to move data to clus-
ters using the hop paths in direct communication architectures. It
finds the shortest path to the closest cluster to which data needs to
be transferred and moves data to this cluster. If the communication
mechanism is bidirectional as in Figure 3, it moves data in both the
directions. It repeats this process till data has been moved to all
the required clusters. During experimentation we realized that effi-
cient result propagation is very important for processors with large
number of clusters (more than four).

S. EXPERIMENTAL RESULTS AND OBSER-
VATIONS

Our framework is very flexible, as can be seen from the results.
It supports architecture exploration for a wide design space. How-
ever, results based on several parameters could not be presented in
this paper due to paucity of space e.g. those with each cluster con-
nected to two or more clusters for each of the architecture types,
those having dedicated communication FUs for inter-cluster com-
munication etc. The architectures for which we present results are
shown in Figures 1, 2 and 3. For the RF-to-RF architectures it is
assumed that the number of buses is 2 and the bus latency is 1.

The obtained ILP numbers for the various architectures for dif-
ferent cluster configurations are shown in Tables 3 and 4. Here the
different benchmarks are the actual functions from the benchmark
suites of DSP-Stone and MediaBench as has been discussed in Sec-
tion 2. The register file for each of the architectures has sufficient
number of ports to allow simultaneous execution on all the FUs e.g.
for a monolithic RF architecture the RF has 24 %3 = 72 Read and
24 %1 = 24 Write ports (assuming 1 read port for predicate input).
This is done so as to ensure that there is no concurrency loss due
to insufficient number of ports and the effect of interconnection ar-
chitecture stands out. Abbreviation PV (column 2) has been used
in this table for Pure VLIW (or single RF), RF (column 3) for RF-
to-RF, WA for Write Across (column 4 and 7), RA for Read Across



6=4 6=2

Bench. PV | RF | WA.1[ RA.1| WR.I WA.2[ RA.2| WR.2

matrix_init | 9.80 | 6.28 | 6.12 | 6.12 | 6.12 | 6.12 | 6.12 | 6.12

biquad 10.67| 2.61 | 8.56 | 8.47 | 875 | 875 | 8.85 | 9.06

mm 11.68| 3.19 | 6.81 | 9.28 | 8.48 | 848 | 7.80 | 8.52

insert_sort | 9.45 | 4.09 | 7.22 | 7.19 | 7.80 | 7.92 | 7.87 | 7.94

h2v2_fancy || 9.71 | 2.04 | 6.02 | 5.64 | 6.85 | 6.84 | 6.17 | 6.67

encode_one || 10.28| 2.19 | 6.46 | 6.50 | 7.50 | 6.72 | 6.65 | 6.69
h2v2_down || 11.06| 3.43 | 5.61 | 549 | 594 | 594 | 550 | 5.90
form_comp || 10.75| 5.18 | 5.21 | 543 | 5.61 | 5.61 | 552 | 5.58
decd_mpegll| 10.90| 2.16 | 7.43 | 7.60 | 8.61 | 8.61 | 8.14 | 8.67

dist1 744 | 262 | 641 | 700 | 7.02 | 7.15 | 6.41 | 7.15

pred_zero 9.48 | 4.88 | 5.26 | 537 | 5.57 | 5.57 | 553 | 5.57

pred_pole 9.56 | 549 | 5.16 | 5.16 | 538 | 5.27 | 5.16 | 5.27

tndm_adj 10.19| 571 | 6.85 | 6.34 | 6.85 | 6.85 | 6.73 | 6.85

update 9.70 | 2.20 | 6.31 | 6.36 | 7.36 | 7.36 | 7.16 | 7.43

g721enc 10.50| 3.62 | 6.54 | 6.34 | 6.72 | 6.69 | 6.60 | 6.63
ILP as Fraction of PV (%)

Avg. (%) || - 35.32| 65.56| 65.45| 70.57| 69.64| 66.56| 69.82

Max. (%) || - 64.08| 86.16| 94.09| 94.35| 96.1 | 86.16] 96.1

Min. (%) || - 19.82| 48.47| 49.64| 52.19| 52.19| 49.73| 51.91

Table 3: ILP for (8-ALU, 4-MEM) 4-Clust Architectures

=38 5=4
Bench. PV | RF | WA.1] RA.1| WR.] WA.2[ RA.2] WR.2
matrix_init || 2042 11.67] 11.14] 11.14] 11.14] 11.14] 11.14] 11.14
biquad 21.64| 2.00 | 12.98] 13.91] 15.58] 15.58] 15.90] 16.23
mm 19.64] 2.12 | 9.90 | 13.06] 15.60] 15.60| 14.69| 14.69
insertsort || 18.94] 221 | 11.03] 12.32] 13.48] 13.48] 13.39] 13.62
h2v2_fancy || 19.38 2.07 | 10.00] 9.63 | 13.04] 13.08] 11.71]| 12.55
encode_one || 19.14| 2.18 | 12.02| 13.04| 14.44| 14.39| 14.39| 14.70
h2v2_down || 19.04] 2.05 | 490 | 6.45 | 635 | 635 | 649 | 6.45
form_comp || 21.72 4.63 | 7.85 | 9.91 | 10.86] 10.98| 10.98| 10.98
decd_mpegll] 21.81] 2.18 | 9.45 | 10.24] 12.40| 12.52| 12.29] 12.64
dist] 744 | 338 [ 503 | 572 | 7.02 | 7.02 | 547 | 6.64
pred_zero || 19.20| 498 | 537 | 541 | 582 | 5.77 | 577 | 5.77
pred_pole | 19.85] 3.35 | 9.92 | 9.92 [ 10.32] 10.32| 10.32] 10.32
tndm_adj || 17.95] 2.58 | 11.78] 11.42[ 12.16] 12.16] 12.16] 12.16
update 19.39] 346 | 11.20] 11.36] 13.25| 13.03| 12.42] 12.42
g72lenc || 21.14] 2.07 | 13.64] 1247 14.17| 14.17] 13.14] 1351
ILP as Fraction of PV (%)
Avg. (%) | - 18.23| 49.70| 54.46| 62.81] 62.66] 60.10] 61.77
Max. (%) || - 57.15| 67.61] 76.88] 94.35| 94.35| 75.18| 89.25
Min. (%) | - 9.09 | 25.74] 28.18] 30.31| 30.05] 30.05| 30.05

Table 4: ILP for (16-ALU, 8-MEM) 8-Clust Architectures

(column 5 and 8) and WR for Write/Read Across (column 6 and 9).
The numbers in these tables, show the ILP for each of the bench-
mark functions e.g. for insert sort for a 4-cluster configuration, the
ILP for a write across architecture (Figure 2(a)) is 7.22, for read
across (Figure 2(b)). From the results we conclude the following:

1. Loss of concurrency vis-a-vis pure VLIW is considerable and
application dependent.

2. In few cases the concurrency achieved is almost indepen-
dent of the interconnect architecture. This denotes that a few
grouped chains in one cluster are limiting the performance
along with a few critical transfers.

3. For applications with consistently low ILP for all architec-
tures the results are poor due to large number of transfers
amongst clusters.

4. In some cases the performance in case of n.j ey = 4 ar-
chitecture is better than performance in case of n.y5ers = 8
architecture (distl). This is because of the reduced hop dis-
tance amongst clusters and this behavior is common across
different architectures. In such cases communication require-
ments of the application are spread across all the clusters, so,
as the average number of hops comes down the performance
increases. This happens even though the supported concur-
rency has decreased due to less number of FUs.
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Figure 10: Average Variation in Performance With ;s

Figure 10, shows the variation of average ILP as fraction of
Pure VLIW versus number of clusters for each of the architectures.
While for ng,sers less than 8, the behavior of different intercon-
nection networks is not brought out, once n.j;s¢rs grows beyond 8,
the superiority of WR.2 and WA.2 is clear. Both of these are able
to deal well with the applications which require heavy communi-
cation. The minimum loss of concurrency in these cases is around
37% and 30% for architectures with n.ysers = 8 and nepygrers = 4
respectively. It needs to be noted that WR.2 is the type of inter-
connect employed by most commercial as well as research archi-
tectures as shown in Table 2. The performance of RA.2 in gen-
eral, is inferior to WA.2 because if there is more than one con-
sumer of the propagated value in the target cluster, the value first
needs to be moved to target cluster using the available read path,
which amounts to an additional processor cycle. It is interesting
to note that the performance of RF-to-RF type of architecture is
quite poor, with an average loss of 81% for n.j,s.rs = 8 and 64%
for nejysers = 4 and deteriorates further with increase in number of
clusters. This is ignoring the latency of such transfers using global
buses (assumed bus latency is 1) vis-a-vis local transfers. It would
be quite interesting to identify application characteristics by which
the suitability of an architecture can be established.

6. CONCLUSIONS AND FUTURE WORK
The main contributions of this paper are as follows:
1. We have proposed and implemented a framework for evalu-

ation of inter-cluster interconnections in clustered VLIW ar-
chitectures.
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2. We have provided a concrete classification of the various
inter-cluster interconnection mechanisms in clustered VLIW
processors.

3. We have evaluated a range of clustered VLIW architectures
and results conclusively show that application dependent eval-
uation is critical to make the right choice of an interconnec-
tion mechanism.

As can be seen once the propagation delay dominates, the differ-
ent inter-cluster transfer mechanisms fail to achieve performance
close to Pure VLIW. Also, the RF-to-RF type of architectures fail to
perform to expected levels because even for adjacent clusters they
have to gain access to global buses which are shared. Based on
these observations, we propose to investigate an architecture which
has both buses as well as direct connections. Another issue which
has not been addressed by us is effect of interconnection architec-
ture on clock period as this will also impact performance.
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