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Introduction
This paper introduces a compiler from ISA specifications to proces-
sor implementations. We extract from per-instruction specifications
to a multi-level IR known as a resource graph, which, crucially, can
represent both ISA-level constructs and microarchitectural imple-
mentations. Key to our approach is the decoupling of the “what”,
“where”, and “how” of microarchitectural optimisation. Leveraging
our resource graph IR, we provide a suite of optimisations as algo-
rithms which can automatically transform graphs when provided
with the “where” by the designer. The designer thus engages in
a directed compilation process where they iteratively refine their
implementation until it meets their needs, as shown in Figure 1.

Our tool, isacomp, provides a complete processor designmethod-
ology which starts from ISA-level specifications and produces RTL.
At each step, the designer can observe a resource graph and iterate
or revert back to a previous iteration. While a general algorithm
cannot be given for many highly-specific microarchitectural opti-
misations, we provide a library of common ones.

We provide frontends for our .isa DSL plus ILA, SAIL, and anno-
tated Verilog/VHDL RTL [1, 3–5, 11, 13, 14]. To provide confidence
in our optimisations’ correctness, we provide an SMT verification
flow to prove equality of behaviour between two resource graphs,
e.g. representing the “before” and “after” of an optimisation. This
can also verify that an instruction is correctly implemented in a de-
sign. For egress, isacomp has backends for Verilog, VHDL, CIRCT,
PyRTL, Chisel, Hardcaml, RTLIL, Clash, and C++ simulation.

The .isa DSL
We define the new .isa DSL, in which the user writes ISA specifica-
tions as simple, imperative programs. This approach resembles ILA
and SAIL but focuses on per-instruction specifications. We have
specified the whole or large subsets of (300K+ SLOC) ISAs including:
RISC-V32IMAFDCV_Zicsr_Zicond_Zb*, RISC-V64IMAFDC, 8086,
i486, 6502, M68K, z80, SPARCv8, Alpha64, MIPS32, OpenRISC 32
ORBIS, SH-2/J-2, SH-4, PDP-11/70, MicroVAX, PA-RISC 1.1, PA-
RISC 2.0, MMIX, ARM7TDMI, subleq, and Zarf. Figure 2 shows the
.isa DSL specification for the RISCV-32 add instruction.

We distinguish ISA state with the isa_state keyword. In prin-
ciple, ISA state is any state that is persistent between instructions,
which may not be programmer-visible. Ultimately, all state has a
stepwise transfer function in the specification, whether it is the
program counter, register file, or something else. This enables us
to apply some of our optimisations more generically and to handle
more ISAs. It also means that some of our optimisations require ar-
guments that one may consider extraneous if one only cares about
a particular class of ISAs (e.g. RISC), such as explicitly providing
the PC node as an input to the branch prediction optimisation.

assume statements are used to represent decode conditions and
differentiate instructions. This is used for instruction merging,
where it will create the decode logic for each instruction in the
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Figure 1: Expected process for an ISA compiler

isa_state pc[31:0] , rf [31:0][4:0];

mem umem [12:0];

var instr [31:0] , rs1[4:0], rs2[4:0], rd [4:0];

var r1[31:0] , r2[31:0] , res [31:0];

instr = umem[pc];

assume instr [6:0] == 0b0110011;

assume instr [14:12] == 0x0;

assume instr [31:25] == 0x00;

pc = pc + 4;

rs1 = instr [19:15];

rs2 = instr [24:20];

rd = instr [11:7];

r1 = rf[rs1];

r2 = rf[rs2];

res = r1 + r2;

rf[rd] when (rd != 0) = res;

Figure 2: The .isa code for the RISC-V 32 add instruction.

merged design. It is also used for SMT property verification to
check the case entailed by a specific instruction.

Our mem construct infers memory access width per-instruction,
then uses it at instruction merging time to create byte enables. The
“memory port width setting” optimisation can insert either multiple
memory ports to handle unaligned accesses or serialisation logic.

The aspect statement is used to handle ISA features that span
across instructions. An aspect can take priority in updating ISA
state with the gates keyword, e.g. for exceptions whose PC update
should take precedence (as seen in Listing 1 and Listing 2).
isa_state pc [31:0];

isa_state rf [31:0][4:0];

aspect interrupts.isa gates pc;

// Normal instruction execution

pc = pc + 4;

Listing 1: Main file which includes the aspect

ext isa_state interrupt_vector [31:0];

sensitive isa_state taking_interrupt;

pc when (taking_interrupt) = interrupt_vector;

Listing 2: Aspect file (interrupts.isa)
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Resource Graphs
Our resource graph IR describes microarchitectural models and
includes ISA-level details to make optimisations feasible. Each node
represents a functional component (with or without state). Directed
edges indicate the output of one node flowing into the other. Nodes
can have associated latency in multi-cycle designs.

Extracting a Single-Cycle Processor. Architectural specifications
must be implementable as microarchitectural models and HDL-
level implementations or else we lack machines at all. We show
that ISA specifications can thus be straightforwardly “unrolled”
into single-cycle implementations in resource graph form. These
lack real world performance and may use many resources, but they
provide a semantics preserving source fromwhich one can optimise,
particularly since ISA state information is known. Importantly,
from here, many optimisations entail reducing intra-instruction
parallelism. For example, a SIMD add would be completely unrolled
here, and many optimisations would instead re-serialise it.

The resource graph represents the original .isa code as a flattened
dataflow graph. Loops are bounded in the DSL and unrolled in the
resource graph. Multiple assignments to a variable or isa_state
are split into separate nodes and later ones override earlier ones
(intermediate values/nodes persist). ISA state reads and writes are
split into separate nodes.

isacomp is able to extract a conforming single-cycle implementa-
tion from several languages. However, we are clearly not the first to
have made progress on this problem; other precursors exist [2, 7, 9].

Merging Resource Graphs. Our per-instruction approach means
that we first extract each instruction into its own resource graph.
We thus require a means to merge together resource graphs for
each instruction, with ISA state considered global. The naive ap-
proach is to make all nodes instruction-specific and simply mux
between them e.g. if merging AND with OR, the logical operations
are instruction-specific. Conflict resolution then inserts muxes to
choose between the instructions where they output to the same
node. The per-instruction mux select signals (decode logic) come
from each instruction’s assume statements. This naive approach is
massively redundant: the common 37-instruction subset of rv32i can
be around 1000 nodes. Our optimised approach performs structure-
aware merging and enables “partial sharing” in groups where sub-
sets of the instructions have the same structure. For the same rv32i
subset, we reduce the resource graph size to around 240 nodes.

Optimisations as Algorithms
Note that “microarchitectural optimisation” does not refer to opti-
mising for a single criterion. Optimisations with directly opposing
outcomes (e.g. serialising vs parallelising) are both optimisations.

Serialisation and Parallelisation. Serialization is a common mi-
croarchitectural strategy to save area. A bit-serial processor com-
pletes its ALU operations one bit at a time, but less aggressive
serialisation is used even for high performance use cases, for ex-
ample AMD Zen 4’s AVX-512 with its 256 bit datapath [8]. Our
optimisation enables the designer to select an operation node in-
side the resource graph to be serialised and pick the new operation
width. isacomp will then share a narrower operation node, insert a
microarchitectural counter, select sub-operands and aggregate the
sub-results. The designer can then select this logic and iteratively
narrow, widen, or even eliminate it by fully parallelizing.

Resource Sharing and Duplication. Our implementation enables
the designer to select a set of operation nodes and transforms the
resource graph to share the underlying resource over multiple
cycles. It will insert ISA state write enable logic to only update ISA
state nodes once per instruction. The optimisation also enables the
user to re-duplicate resources that were previously shared. Memory
ports can be shared through a similar optimisation.

Pipelining is an early exercise given to novice computer archi-
tects. Tasked with the what, they must determine where to insert
their pipeline registers, and must work through how to handle
the resulting issues that arise from their decision. Our multi-stage
manual pipelining algorithm enables the designer to choose the
edges in the resource graph at which to insert pipeline registers.
We then identify the ISA state read and write locations and algo-
rithmically identify the inter-instruction dependencies that could
result in hazards. We then expose a second phase of what and
where to the designer: which hazard resolution strategy (stalling
or forwarding) to apply for which hazards. This automation en-
abled us to write a single script that allows the user to generate a
2/3/4/5 stage pipeline with either hazard resolution strategy. We
have such scripts for RV32I, RV64I, OpenPOWER SFS, and MIPS32
from which the pipelined implementations can pass test suites and
benchmarks (these are used for CI).

Other Optimisations we have implemented in the framework
include operation latency setting (static or dynamic), branch pre-
diction, dual-issue superscalar in-order pipelining, cache insertion,
memory externalisation, retiming, and TLB+PTW creation. We
summarise the proof-of-concept optimisations currently available
in isacomp in Table 1. Each has been exercised on at least one ISA;
however, we do not claim completeness or correctness guarantees
for all of them. The SMT verification framework can be used to
check equivalence before and after an optimisation is applied.

Table 1: Proof-of-concept optimisations in isacomp. “De-
signer input” describes the “where” provided by the designer.

Optimisation Designer Input
Serialisation Node(s), target width
Parallelisation Node(s), target width
Resource sharing Set of nodes to share
Resource duplication Shared node to split
Multi-stage pipelining Edges to cut
Hazard resolution Strategy (stall/bypass)
Unpipelining (automatic)
Branch prediction PC node, mux, strategy
Branch target buffer PC node, entries, associativity
Return address stack Call/return nodes
Operation latency setting Node, latency (or variable)
Memory port width Memory, width
Memory port sharing Memory, port count
Memory externalisation Memory node
Cache insertion Memory, cache params
TLB + page table walker Memory, TLB params
Dual-issue superscalar Pair of resource graphs
Architectural retiming Node to pre-calculate
Retiming Register to move, direction
Register renaming Register file, physical register count
Instruction buffer Memory, PC, instr. width nodes, buf. size
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Designer Guidance
The designer directs compilation through Python scripts or the
isacomp GUI. In either case, the workflow follows the same pattern:
ingress specifications, iteratively apply optimisations by selecting
the “what” and “where” (with isacomp handling the “how”), then
egress to RTL. Listing 3 shows a condensed version of a script used
to create a pipelined RV32I processor.
# Ingress: parse and merge .isa files

merger = ResourceGraphMerger ()

for name , path in rv32i_instructions.items ():

merger.add_instruction(name , path)

graph = merger.merge_graphs ()

# Designer selects edges to cut

cuts['Decode '] = [find_edge('umem[pc]_rd','instr')]

cuts['Execute '] = [find_edge('rf[rs1]_rd', 'r1'),

find_edge('rf[rs2]_rd', 'r2')]

# ... (memory , writeback cuts similar)

# Framework inserts pipeline registers , auto -detects

# hazards , resolves them , adds prediction

transform = PipelineTransform(graph)

transform.add_multiple_pipeline_stages(

[{'edges': cuts[s], 'stage_index ': i}

for i, s in enumerate(stages )])
hazards = HazardAnalyzer(graph). analyze_hazards ()

HazardResolver(graph). resolve_all_hazards(hazards)

apply_branch_prediction_not_taken(graph ,

pc_node_id='pc_wr', not_taken_input_id='pc_add_4 ')

# Egress

VerilogGenerator(graph). generate("rv32i_5stage.v")

Listing 3: Condensed designer workflow for a RV32I pipeline.

The designer’s edge selections (the “where”) determine the pipeline
structure. The framework then identifies inter-instruction depen-
dencies that could cause hazards and inserts resolution logic (the
“how”). Changing from a 5-stage to a 3-stage pipeline requires only
changing which edges are cut. Hazard analysis and resolution re-
run automatically.

A simpler example is operation serialisation, where the designer
selects a specific operation node and a target width:
spec = SerializationSpec(operation_id='(r1 + r2)', # where

granularity_bits =8)

apply_operation_serialization(graph , [spec])

Listing 4: Serialising a 32-bit add to 8-bit granularity.

The framework replaces the 32-bit adder with an 8-bit adder, a
microarchitectural counter, sub-operand selection muxes, and a re-
sult accumulator, completing the operation over 4 cycles (Figure 3).
ISA state write enables are gated so that architectural state updates
only on the final cycle. The designer can later re-widen or fully
parallelise the operation by changing the granularity.

Validation
Wehave validated our implementation in a variety of ways.We have
leveraged riscv-tests and created similar test suites for a number
of other ISAs to check basic functionality. With an optimisation to
externalise memory outside of the processor, we can place the pro-
cessor into a larger SoC and perform further end-to-end validation.
At present, nine of our single-cycle machines (ISA-compatible specs

Before:
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Figure 3: Serialising a 32-bit add to 8-bit granularity. The
resource graph transformation replaces the wide adder (top)
with a narrow adder, sub-operand selectors, a cycle counter,
and a result accumulator (bottom). The ISA state write (dou-
ble border) is gated to fire only when the counter signals
completion.

for SuperH-2/J-2, SuperH-4, RV32IMA, RV64IMA, OpenPOWER
LCS, Alpha EV56, PA-RISC 1.1 (32b), PA-RISC 2.0 (64b), OpenRISC
ORBIS32) extracted to Verilog successfully boot Linux in Verilator.
Several more are advancing along similar lines, with significant
Linux progress shown for CISC ISAs M68K and i486.

Related Work and Discussion
We draw parallels with Halide and Exo [6, 10], which separate
the algorithm (what to compute) from the schedule (how to com-
pute it), letting programmers explore implementation strategies
without rewriting their program. Similarly, isacomp separates the
ISA specification from the schedule of microarchitectural optimi-
sations. Like PDL [12], our targets include pipelined processors,
but where PDL requires the designer to rewrite their program to
change the pipeline structure, isacomp’s optimisations are parame-
terised transformations on the resource graph: Changing from a
3-stage to a 5-stage pipeline means changing which edges to cut,
not rewriting the design. The designer’s optimisation scripts can
be parameterised across stage counts and ISAs; our CI reuses a
single per-ISA script for 2- to 5-stage pipelines across four ISAs,
each using the same pipelining and hazard resolution infrastructure.
Adding ISA extensions (e.g. new custom instructions) to an already-
optimised design requires re-running the merge and existing script,
though more complex additions may require further attention.
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