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Abstract
On clustered VLIW DSPs, instruction clustering is a compiler optimization that
significantly impacts program performance, but existing instruction clustering
algorithms can only handle sequential program regions and struggle to obtain
optimal clustering solutions. To address these issues, this paper proposes a uni-
fied method for instruction clustering and scheduling based on integer linear
programming. This method employs 0-1 decision variables to represent the clus-
tering of instructions within a function, the local scheduling of instructions, and
the global scheduling of inter-cluster transfer instructions, and constructs linear
constraints from the dependency relations between instructions and contention
for processor resources, ultimately yielding an integer linear programming model
with the objective of minimizing the estimated execution time of the function.
Experimental results demonstrate that the clustering and scheduling scheme
obtained by solving this model significantly outperforms existing algorithms in
optimizing program performance, and the computational time required to solve
the model is acceptable.
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Abstract: On clustered VLIW DSPs, instruction cluster assignment is a crucial
compiler optimization that significantly impacts program performance. How-
ever, existing cluster assignment algorithms are limited to straight-line program
regions and struggle to achieve optimal solutions. To address these limitations,
this paper proposes a unified approach for instruction cluster assignment and
scheduling based on integer linear programming. The method employs zero-one
decision variables to represent cluster assignment for each instruction, local in-
struction scheduling within basic blocks, and global scheduling of inter-cluster
transfer instructions. Instruction dependencies and resource contention on the
processor are formulated as linear constraints, culminating in an integer linear
programming model that minimizes the estimated execution time of the function.
Experimental results demonstrate that the cluster assignment and scheduling
solutions obtained from solving this model substantially outperform existing al-
gorithms in program performance optimization, while the time required to solve
the model remains acceptable.

Key words: DSP; VLIW; cluster assignment; instruction scheduling; integer
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0 Introduction
Many digital signal processors (DSPs) adopt Very Long Instruction Word
(VLIW) architectures to exploit instruction-level parallelism (ILP). VLIW
DSPs typically feature large issue widths, requiring numerous functional units
and register files. Directly connecting all functional units to all registers
would result in high design complexity and excessive power consumption. A
common solution partitions functional units and registers into multiple clusters,
where each cluster contains an equal number of functional units and registers.
Functional units within a cluster can directly access the local register file, while
inter-cluster communication occurs via dedicated buses. Accessing data across
clusters requires copying data from remote clusters to the local cluster. In
such clustered architectures, intra-cluster data access incurs low latency and
power consumption, whereas inter-cluster access suffers from higher latency
and power costs.

On clustered architectures, determining which cluster’s functional resources
each instruction will use is called cluster assignment. In some early processors,
cluster assignment was performed automatically by hardware, as described in
the literature. In modern clustered VLIW DSPs, such as the HXDSP developed
by the 38th Research Institute of China Electronics Technology Group, cluster
assignment is handled by the compiler. The goal of cluster assignment is to
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fully utilize computational resources across different clusters while minimizing
inter-cluster communication, thereby improving ILP. This makes cluster assign-
ment intimately related to instruction scheduling. Early approaches treated
cluster assignment as a separate optimization pass performed before instruction
scheduling, while more recent work performs cluster assignment and scheduling
simultaneously.

Current cluster assignment methods operate on straight-line program regions
such as basic blocks or traces. These methods differ primarily in their heuristic
factors for determining cluster assignment. However, they inadequately han-
dle global data flow, neglecting inter-cluster communication costs between in-
structions in different basic blocks. Although trace-based assignment considers
multiple basic blocks, constructing effective traces is difficult in many programs
due to unpredictable branch behavior. Another fundamental limitation is that
heuristic-based approaches cannot guarantee optimal solutions. While heuris-
tics offer fast execution, in DSP application domains, spending more compilation
time to achieve better cluster assignments and higher execution performance is
often acceptable.

Combinatorial optimization provides methods for finding optimal solutions,
among which integer linear programming (ILP) stands out for its simple for-
mulation yet wide applicability in compiler optimization, including instruction
scheduling and superword-level parallelism. Given the suboptimal nature of
existing heuristic cluster assignment algorithms, employing ILP represents a
promising approach to further improve cluster assignment quality.

The main contributions of this paper are: (1) We propose an ILP modeling
approach for unified instruction cluster assignment and scheduling on VLIW
DSPs. The model represents cluster assignment for every instruction in a func-
tion, instruction scheduling within each basic block, and the insertion positions
and scheduling of inter-cluster transfer instructions resulting from cluster assign-
ment, all within a single ILP framework. (2) Compared to existing methods,
our approach performs cluster assignment at the function level, addressing the
insertion of inter-cluster transfer instructions across global data flow, and yields
optimal cluster assignment and scheduling solutions (under the estimated cost
model). (3) The method can be directly applied to other program regions,
such as loop bodies, basic blocks, or traces. When applied to straight-line code
regions, execution time can be accurately evaluated, yielding truly optimal so-
lutions.

The earliest instruction cluster assignment method was the BUG (Bottom-Up
Greedy) algorithm implemented in the Bulldog compiler. BUG uses a heuristic
called completion cycle, defined as the latest time when an instruction completes
execution on a candidate cluster and its result is transferred to the cluster where
its flow-dependent successor resides. Starting from instructions without succes-
sors, BUG traverses the data flow graph in reverse depth-first order, selecting
the cluster that minimizes the completion cycle for each instruction, then as-
signs all its predecessors before finally assigning the current instruction to a
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cluster with minimal completion cycle.

BUG’s greedy approach cannot guarantee that all instructions on the critical
path are assigned to the same cluster. Moreover, minimizing completion time
during the initial depth-first traversal may scatter data-dependent instructions
across different clusters. Lowney et al. improved upon BUG by partitioning the
data flow graph into components with low parallelism but high data sharing.
When calculating completion cycles, they imposed a large penalty if two related
components resided in different clusters, encouraging related components to be
placed in the same cluster and avoiding inter-cluster communication.

Desoli et al. employed a multi-phase iterative algorithm for cluster assignment.
They first obtained an initial clustering using a BUG-like algorithm that min-
imized inter-cluster communication, then iteratively performed list scheduling,
adjusting the clustering based on execution cycles, register pressure, and inter-
cluster communication until convergence. List scheduling is a widely used in-
struction scheduling framework that performs a prioritized topological sort of
the data dependence graph based on heuristics such as instruction height or
number of successors, then schedules each instruction as early as possible ac-
cording to this order.

Lapinskii et al. sorted instructions by latest scheduling time, slack (difference
between latest and earliest scheduling times), and number of data flow succes-
sors. They visited each instruction in this order, assigning it to the cluster that
minimized a weighted sum of functional unit usage cost, bus usage cost, and
inter-cluster communication cost. After initial clustering, they iteratively“per-
turbed”border instructions (those communicating with other clusters) to test
whether reassigning them to other clusters could yield better results.

Ozer et al. first proposed a unified approach to instruction cluster assignment
and scheduling called UAS (Unified Assignment and Scheduling). Operating
within the list scheduling framework, UAS determines the cluster for the current
ready instruction based on the completion times of its data flow predecessors
(called completion-weighted predecessors, or CWP), then schedules the instruc-
tion and any required inter-cluster transfer instructions as early as possible.

Kailas et al. proposed the CARS code generation framework that unified in-
struction cluster assignment, scheduling, and register allocation based on list
scheduling, still using start time as the clustering heuristic.

Zhang et al. introduced a sophisticated heuristic called lmax-successor-tree-
consistent deadline, defined as the latest execution completion time of an in-
struction among all feasible cluster assignment and scheduling schemes for that
instruction and all its successors (where each instruction’s issue time does not
exceed a given bound). Within the list scheduling framework, they selected the
ready instruction with the smallest heuristic value and assigned it to the cluster
that enabled earliest issue.

Porpodas et al. proposed the LUCAS algorithm, which combines start time
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and completion time heuristics. Within the list scheduling framework, LUCAS
chooses the cluster that minimizes start time when facing congestion (number
of ready instructions > issue width × inter-cluster communication latency) or
high slack (slack > issue width × 2 × (inter-cluster communication latency -
1)), otherwise it selects the cluster that minimizes completion time.

Wang et al. used simulated annealing for cluster assignment and scheduling,
using scheduled clock cycles as feedback to iteratively improve clustering qual-
ity. Some work integrates cluster assignment with modulo scheduling for loops,
considering instruction clustering during software pipelining. While effective,
these methods require loops to be branch-free or have simple branch patterns
that can be converted to predicated instructions via If-Conversion, limiting their
applicability.

1 Overview
Our method is implemented after instruction selection and before register allo-
cation in the compiler. It takes an entire function as input, where the function
is represented as a control flow graph and each basic block is represented as a
data dependence graph.

Integer linear programming refers to linear programming where variables take
integer values, defined as: given a series of integer variables, called decision
variables, satisfying a series of inequalities, minimize a linear function, where is
a real matrix and is a real vector. Zero-one programming, where decision vari-
ables only take values 0 or 1, is a common modeling approach. In this paper,
both instruction cluster assignment and scheduling are modeled using zero-one
programming. The main decision variables and related symbols are shown in
Table 1 . The constraints can be roughly divided into three categories: instruc-
tion occurrence constraints, resource constraints, and dependency constraints.
The optimization objective is the weighted sum of basic block execution times,
where the weight is the estimated execution count of the basic block, and the
basic block execution time is represented by the issue time of its last instruction.

2 Inter-Cluster Transfer Instructions
Consider any variable v. It may appear in different clusters depending on which
cluster the instruction defining it is assigned to. Instructions using v may also
be assigned to other clusters, necessitating inter-cluster transfer instructions to
propagate v. For each possible cluster pair (m1, m2), there exists a correspond-
ing inter-cluster transfer instruction x�^{m1,m2}. These transfer instructions
may be scheduled in any basic block along any path between the definition
and use of v. To represent these scheduling possibilities, decision variables are
defined for each transfer instruction in every basic block along these paths.

For example, in the control flow graph shown in Figure 1 [Figure 1: see orig-
inal paper], the paths between definition and use of variable v include A→E,
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A→E→F, B→C→E, B→C→E→F, and B→D→F. Therefore, decision variables
for inter-cluster transfer instructions related to v should be defined in basic
blocks A, B, C, D, E, and F to express all possible insertion schemes. Figures
2 [Figure 2: see original paper] through 4 [Figure 4: see original paper] illus-
trate several cluster assignment and inter-cluster transfer instruction insertion
schemes (inter-cluster transfer instructions are shown as X� = Y�, indicating
transfer of v from cluster Y to X), demonstrating that transfer instructions can
appear in any basic block.

However, scheduling inter-cluster transfer instructions only in existing basic
blocks is not always optimal. Consider the control flow graph in Figure 5 [Fig-
ure 5: see original paper]. When I1 and I4 are assigned to different clusters,
inserting the transfer instruction in block A causes redundant instruction execu-
tion along path A→C (Figure 6 [Figure 6: see original paper]), while inserting it
in block D causes data errors along path B→D (Figure 7 [Figure 7: see original
paper]). The solution is to insert the transfer instruction in a newly created
basic block along path A→D (Figure 8 [Figure 8: see original paper]), ensuring
it executes only when that specific path is taken. Although this may introduce
additional jump instructions with longer latency, the overhead of repeatedly ex-
ecuting useless instructions could be greater when many transfers are involved.
The trade-off between redundant execution and additional jump overhead is op-
timally resolved during ILP solving, but the solution space must contain such
options.

Therefore, for any control flow graph edge, if its source has multiple outgoing
edges or its target has multiple incoming edges, a new basic block must be
constructed on that edge. If the edge is a fall-through edge (consecutive basic
block addresses), the inserted block is empty; otherwise, it contains a jump
instruction targeting the edge’s successor. Whether this jump appears in the
final code depends on whether the new block contains inter-cluster transfer
instructions. If the source has only one outgoing edge or the target has only
one incoming edge, transfer instructions can be inserted in the source or target
block, as inserting them in a new block would only increase overhead.

3.1 Instruction Occurrence Constraints
Fundamentally, each instruction to be clustered must be assigned to exactly one
cluster. For any instruction i, the following constraint applies:

This ensures that the cluster number assigned to instruction i can be expressed
as:

Similarly, any original instruction i in basic block B must be scheduled at exactly
one clock cycle:

This allows the scheduled clock cycle of instruction i in basic block B to be
expressed as:

Inter-cluster transfer instruction scheduling depends on the cluster assignment
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of instructions that define and use the corresponding variable, summarized in
four rules:

For any variable v, when any two instructions i and j that read or write v are
assigned to different clusters m1 and m2, the inter-cluster transfer instruction
x�^{m1,m2} must be scheduled in some basic block along every path between
them. This constraint can be expressed as:

This rule ensures transfer instructions always read data from the cluster where
the defining instruction resides, excluding “relay”transfer scenarios. Although
relay schemes are legal, they cannot be uniquely optimal on most clustered
VLIW DSPs. From a data flow perspective, the earliest issue time for a transfer
instruction reading from another transfer instruction is always later than reading
directly from the defining instruction’s cluster. Since inter-cluster transfer
instructions only occupy the inter-cluster bus resource and do not compete with
other instructions for resources, having all transfer instructions read directly
from the defining instruction’s cluster always yields results at least as good as
relay schemes. Therefore, this constraint does not limit clustering quality.

For any variable v with defining instruction i, along any path P from i to an
instruction using v, for any cluster m2, the inter-cluster transfer instruction
x�^{m1,m2} is allowed to appear only when instruction i is not assigned to
cluster m2, and at most once in some basic block at some time:

For any basic block B on a path between definition and use of variable v, the
transfer instruction x�^{m1,m2} is allowed only when the using instruction j is
assigned to cluster m2:

In any newly inserted basic block B, only inter-cluster transfer instructions and a
jump instruction j_B may exist. When other transfer instructions are scheduled,
the jump instruction must also be scheduled in B:

Conversely, if B contains no transfer instructions, it can be entirely removed.
This rule need not be expressed as a constraint, as an extra jump instruction
cannot be optimal and will be eliminated during solving.

3.2 Dependency Constraints
Dependencies between instructions in a basic block include three data dependen-
cies: flow dependence, anti-dependence, and output dependence. Additionally,
all other instructions cannot execute after a jump instruction (if present). For
simplicity, this dependency is referred to as control dependence in this paper,
though the term “control dependence”has a different meaning in widespread
usage.

Dependency constraints require that the difference in issue times between two
dependent instructions must be greater than or equal to the dependency latency.
For dependencies in basic block B that are independent of intra-cluster registers
or are control dependencies, the constraint can be uniformly expressed as:
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where L represents dependency latency. In VLIW DSPs, control and anti-
dependencies typically have latency 0, output dependencies have latency 1, and
flow dependencies depend on pipeline length.

When anti- or output dependencies involve intra-cluster register passing, the
dependency is naturally eliminated if the predecessor or successor is assigned
to different clusters, allowing arbitrary scheduling. Otherwise, the latency con-
straint must be satisfied. Both cases can be unified using the big-M method:

The variable 𝛿_{i,j} indicating whether instructions i and j are assigned to the
same cluster requires additional constraints:

Flow dependencies involving inter-cluster transfer instructions require special
consideration. For instructions i and j that define and use variable v respec-
tively, for any clusters m1 and m2, only when transfer instruction x�^{m1,m2}
is scheduled in the same basic block as j and i is assigned to cluster m1 does j
flow-depend on i:

Similarly, in any basic block B on a path between definition and use of vari-
able v, the transfer instruction x�^{m1,m2} is allowed only when the defining
instruction i is assigned to cluster m1:

When i and j are in the same basic block and assigned to the same cluster,
they have a flow dependence requiring constraints similar to Equation 13 with
flow dependency latency. If assigned to different clusters, inter-cluster transfer
instructions exist, and constraints 16 and 17 ensure their latency requirements
are satisfied.

3.3 Resource Constraints
Legal instruction scheduling must satisfy that for any processor resource (e.g.,
ALU, immediate channel), the total usage by instructions executing at any time
cannot exceed machine limits. The number of resource r used by instruction i in
pipeline stage k is denoted RES_{i,k,r}. Resource conflicts typically occur only
in a few pipeline stages, and RES_{i,k,r} is only defined for those conflicting
stages.

Resources in clustered DSPs can be divided into two categories: global resources
shared by the entire DSP (usage independent of instruction cluster) and cluster-
local resources usable only by instructions in the same cluster (each cluster
has identical quantities). Notably, inter-cluster data buses are cluster-local re-
sources, represented as several read/write ports per cluster.

For scheduling in basic block B, for global resource r at any time t, the total
resource usage by all executing instructions cannot exceed the machine limit:

For cluster-local resources other than bus ports, resource usage depends on the
cluster assignment of instructions. The resource constraint is:
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where � represents logical conjunction of zero-one variables, implemented by
introducing an additional zero-one variable with constraints.

For inter-cluster bus read ports (cluster-local resource), only transfer instruc-
tions reading from cluster m occupy the resource. Let X_B^{m,read} be the
set of such transfer instructions possibly scheduled in B. The constraint is:

Similarly, for bus write ports, let X_B^{m,write} be the set of transfer instruc-
tions targeting cluster m possibly scheduled in B:

4 Optimization Objective
The goal of cluster assignment and scheduling is to minimize function execution
time, which is undecidable and must be approximated. Under the constraints
described above, the last instruction issue time in basic block B is:

The actual issue time range for each instruction in B is typically much smaller
than the theoretical bound. Restricting the issue time range significantly re-
duces the search space for ILP solving. Treating the program dependence graph
as an AOE network, we can compute earliest and latest issue times for each
instruction.

Without considering machine resources, instructions can only be issued between
earliest and latest times. However, cluster assignment may insert inter-cluster
transfer instructions, and DSP issue width limitations may cause actual legal
issue times to exceed the theoretical latest time. Therefore, we conservatively
estimate instruction issue time intervals as follows:

a) For each basic block, traverse the program dependence graph without
inter-cluster transfer instructions to compute earliest issue times:

where pred(i) denotes all direct and indirect predecessors of instruction i, and
lat_{i,j} represents latency between instructions.

b) Traverse the dependence graph including transfer instructions and com-
pute earliest issue times for each transfer instruction using the results
from step (a).

c) Compute lower bounds for instruction issue times:

d) Traverse the program dependence graph without transfer instructions in
reverse direction to compute latest issue times for instructions in basic
block B:

where succ(i) denotes all direct and indirect successors of i. This latest time
differs from the AOE network definition and is essentially the earliest time
computed in the reverse direction.

e) Traverse the dependence graph including transfer instructions and com-
pute latest issue times for each transfer instruction using results from step
(d).
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f) Compute upper bounds for instruction issue times:

For any basic block B, constraints limiting non-transfer instruction issue times
to the estimated interval are:

For inter-cluster transfer instruction x�^{m1,m2}, the upper bound constraint
is similar, but since the instruction may not be scheduled, its constraint is:

5.1 Handling Function Call Instructions
For simplicity, the ILP modeling above ignores function call instructions, a
special case. The actual execution time of a call depends on the callee and can-
not be determined precisely. When a function returns, return value registers
are ready, so subsequent instructions using the return data need not wait for
flow dependency latency, making previous dependency constraints inaccurate.
Treating call instructions as basic block boundaries bypasses this issue but sacri-
fices some parallelism. An alternative approach makes call instructions occupy
multiple clock cycles equal to maximum latency L, ensuring all dependent in-
structions can issue immediately after the call completes without modifying the
model. Although this imprecisely calculates the last instruction issue time in
the optimization objective, it does not affect the goal of approximating program
execution time. Under this approach, no other instructions should occupy cycles
t+1 through t+L when call instruction c issues at time t in basic block B:

5.2 Optimizing Solver Speed
Since DSP clusters are isomorphic, many symmetric cluster assignment solutions
exist. Breaking these symmetries often accelerates ILP solving. The approach
prefers assigning instructions to clusters with smaller numbers, implemented by
adding:

6 Experimental Evaluation
We selected the HXDSP1042 as our evaluation platform—a typical clustered
VLIW DSP developed by the 38th Research Institute of China Electronics Tech-
nology Group, featuring 16-issue width, 4 clusters, 13 pipeline stages, and inter-
cluster communication via buses, widely used in radar signal processing. While
ILP solving is a complex topic beyond this paper’s scope, we used the Gurobi
solver to implement our algorithm. Test programs were selected from DSP-
Stone, compiled with O2 optimization, replacing only the instruction cluster
assignment and scheduling passes. We implemented several unified cluster as-
signment and scheduling algorithms as baselines, which operate on each basic
block separately, while our method operates on entire functions.

Execution on the HXDSP1042 simulator shows our method achieves 20% to
35% performance improvement over LUCAS, the best-performing heuristic al-
gorithm, across different benchmarks. Figure 9 [Figure 9: see original paper]
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shows normalized execution times for several DSPStone benchmarks, using UAS
as baseline 1. UAS-CC denotes UAS using completion time as heuristic, LSTC
represents the algorithm from reference [9], and ILP denotes our method.

Although ILP is NP-hard, branch-and-bound often solves functions in general
programs quickly. We randomly selected 4,000 functions from GSL, FANN, Zlib,
and DSPStone, testing our algorithm on an Intel Core i5-8300H laptop. Results
show approximately 81% of functions are solved within 0.5s, as shown in Table
2 .

7 Conclusion
This paper employs integer linear programming to implement instruction clus-
ter assignment and scheduling for clustered VLIW DSPs. Experiments on
HXDSP1042 demonstrate that our method effectively improves program per-
formance with acceptable algorithm runtime. Although slower than heuristic
algorithms, it achieves practical usability. One limitation is the coarse esti-
mation of function execution time, which could be improved using high-level
compiler information or deep learning methods for branch prediction. Another
issue is the time overhead, stemming from using a large ILP model for all in-
structions, while many instructions’assignments and schedules are independent.
Future work will explore partitioning functions into independent parts, model-
ing and solving each separately while guaranteeing global optimality, to further
improve solving speed.
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