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Abstract—Quantized neural network inference on RISC-V1

Vector (RVV) hardware requires correctness guarantees across2

the compiler and hardware stack. We present a three-layer3

formal verification pipeline that proves equivalence between a4

compiler-level specification (MLIR), an intermediate representa-5

tion (LLVM IR), and the ISA-level semantics derived from the6

Sail formal model via Isla symbolic execution. A key challenge7

is that symbolic execution of SIMD vector instructions produces8

monolithic 256-bit formulas and 2V L-path explosions for masked9

operations, making naı̈ve verification intractable. We solve this10

with three scalability techniques: per-element AST decomposition11

splits vector traces into individual lane expressions, reducing12

solver time from >10 min to <1 s; mask decomposition factors13

masked instructions into an unmasked trace, a spec-level ITE14

policy, and an algebraic lemma, eliminating exponential path enu-15

meration; and linear composition via Z3 substitute() scales16

kernel verification with instruction count, not input width. The17

pipeline is ISA-agnostic: its parser, decomposer, and composer18

operate on standard SMT-LIB traces, and the MLIR specification19

layer provides a cross-ISA golden reference, so porting to a20

new architecture requires only replacing the Sail model. We21

verify thirteen kernels covering all ten llama.cpp quantized dot22

products—Q4 0, Q4 1, Q5 0, Q5 1, Q8 0 (basic and asymmetric23

formats) and Q2 K, Q3 K, Q4 K, Q5 K, Q6 K (K-quant multi-24

level quantization)—plus element-wise vector addition, ReLU25

activation, and 1D convolution, all verified automatically in <30 s.26

The Q5 0 proof relies on one RVV-specification axiom (the mask-27

undisturbed policy); all other proofs are fully Isla-backed. We28

further demonstrate cross-ISA portability by verifying the Q8 029

kernel against WebAssembly SIMD128 semantics (axiomatized30

from the W3C spec), yielding the first formal proof that two ISAs31

compute the same quantized dot product for all 2256 inputs.32

I. INTRODUCTION33

To illustrate the risk, we synthesize a realistic bug: in34

llama.cpp’s Q4 0 quantized inference kernel, changing the35

shift amount from 4 to 3 in a single vsrl.vx instruction36

extracts a 5-bit value where a 4-bit nibble was intended. The37

kernel still runs and produces plausible output—no crash,38

no exception—but the dequantized weights are silently cor-39

rupted across all 16 SIMD lanes. Our pipeline catches this40

automatically: Z3 finds the counterexample 0x80 in 0.02 s41

(Appendix A).42

The problem: Quantized LLM kernels—such as the Q4 043

and Q8 0 dot products in llama.cpp [1]—pack 4–8-bit integer44

weights into SIMD registers and compute through sequences45

of nibble extraction, widening multiplication, and cross-lane46

reduction on RISC-V Vector (RVV) hardware [2]. The cor-47

rectness of this integer datapath spans multiple abstraction48

layers: the intended algorithm (expressed in a compiler IR), the49

generated vector assembly, and the hardware’s interpretation of50

each instruction per the ISA specification. A bug at any layer—51

a wrong shift, a missing sign extension, an incorrect widening52

multiply—produces arbitrary bit-level corruption, not a small53

floating-point deviation. Testing cannot catch such bugs: the54

input space of a single Q4 0 block is 2384, and the erroneous55

outputs are plausible, not crashed.56

Why existing tools are insufficient: Formal verification tools57

exist for individual layers, but none spans the full path.58

Alive2 [3] verifies LLVM IR optimizations but stops before59

code generation—it never sees the assembly. Islaris [4] verifies60

machine code against the authoritative Sail ISA model, but61

targets systems code (pKVM) and requires interactive Coq62

proofs. MLIR-TV [5] validates MLIR transformations but does63

not connect to assembly or hardware semantics. ARM-TV [6]64

validates LLVM’s AArch64 backend but uses a hand-written65

instruction lifter (not an authoritative ISA spec) and does not66

handle vector instructions. Table XIV in Section VI shows67

that no prior work covers more than two of the five key68

dimensions: ISA specification, compiler IR, vector operations,69

full automation, and ML kernels.70

Why the problem is tractable: The quantized integer data-71

path is pure bitvector arithmetic: no floating-point rounding,72

no dynamic memory allocation, no control-flow divergence73

within the vector pipeline. This places the verification problem74

in QF BV—a decidable theory with mature solvers [7]—75

enabling mathematical certainty for all inputs, not bounded76

model checking or random testing.77

Contributions: We present a three-layer formal verification78

pipeline that, for the first time, spans from compiler IR to ISA79

formal specification for real-world ML kernels:80

1) Three-layer architecture. We prove equivalence across81

three representation boundaries: MLIR ↔ LLVM IR82

(specification consistency), LLVM IR ↔ RVV assembly83

(codegen correctness), and RVV assembly ↔ Sail ISA84

spec (by construction via Isla). The MLIR and LLVM85

IR serve as hand-written golden references, not compiler86

output; the pipeline verifies the assembly against these87

specifications, not the compiler itself.88

2) Scalability techniques for vector ISA traces. We89

identify and solve three engineering challenges that90

arise when applying symbolic ISA execution to SIMD91

vector instructions (Section III-G): (a) per-element AST92
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decomposition splits Isla’s monolithic 256-bit formulas93

into individual SEW-bit expressions, reducing Z3 solver94

time from >10 min to <1 s; (b) mask decomposition95

avoids 2V L path explosion in masked instructions by96

factoring into an unmasked trace, a spec-level ITE97

policy, and an algebraic lemma; (c) linear composition98

via Z3 substitute() scales with instruction count,99

not input width.100

3) End-to-end kernel verification. We verify thirteen101

kernels covering all ten llama.cpp quantization for-102

mats: five basic/asymmetric dot products (Q4 0, Q4 1,103

Q5 0, Q5 1, Q8 0) and all five K-quant formats104

(Q2 K through Q6 K)—plus vector addition, ReLU,105

and 1D convolution, all fully automated, completing in106

<30 s total. We additionally prove VLEN portability:107

per-element formulas are identical across vector lengths108

(verified at VL=8 and VL=16).109

4) Reusable, ISA-portable pipeline. The infrastructure110

(parser, decomposer, composer) is ISA-agnostic: porting111

to a new ISA requires replacing only the Sail model112

and regenerating traces. Adding a kernel requires only113

new specification files. We give concrete recipes for both114

(Section V-I). All code is open-source.115

Paper structure: Section II introduces the technical foun-116

dations. Section III presents the three-layer methodology.117

Section IV describes the implementation. Section V evaluates118

the approach on three kernels. Section VI discusses related119

work. Section VII concludes.120

II. BACKGROUND121

A. Sail and Isla122

Sail [8] is a domain-specific language for defining instruc-123

tion set architecture (ISA) specifications. The RISC-V commu-124

nity maintains an official Sail model covering the base ISA and125

standard extensions [9], including the Vector extension (RVV126

1.0). The Sail model serves as the authoritative specification:127

it defines, for each instruction encoding, the exact effect on128

architectural state in terms of register reads, computations, and129

register writes.130

Isla [10] is a symbolic execution engine for Sail. Given an131

instruction encoding and initial symbolic state, Isla explores132

all execution paths through the Sail specification and produces133

an SMT trace in S-expression format. Each trace declares134

symbolic bitvector inputs (register contents before execution),135

defines intermediate computations via SMT operations (bitvec-136

tor arithmetic, extraction, concatenation), and records the final137

register writes. For a typical RVV arithmetic instruction with138

VLEN=256, the trace is 100–200 lines of S-expressions.139

Listing 1 shows an excerpt from the Isla trace for vand.vx140

(vector AND with scalar).141

The trace shows that Isla reads vector register vr1 and142

scalar register x13, computes per-element AND operations,143

assembles the results via zero-extension and OR into a single144

256-bit value, and writes it to vr4. Our parser must reverse145

this assembly pattern to extract individual element formulas.146

Listing 1. Isla trace excerpt for vand.vx (simplified).
(trace
(read-reg |vr1| nil v332) ; v332: BV(256)
(read-reg |x13| nil v341) ; v341: BV(64)
(define v350 ; per-element AND
(bvor
((_ zero_extend 248)
(bvand ((_ extract 7 0) v332)

((_ extract 7 0) v341)))
(bvshl ((_ zero_extend 248)
(bvand ((_ extract 15 8) v332)

((_ extract 7 0) v341)))
#x...08) ; shift by 8

...)) ; 16 elements total
(write-reg |vr4| nil v350))

B. MLIR and the Arith Dialect147

MLIR [11] is a compiler infrastructure framework148

supporting multiple intermediate representations149

(dialects) at different abstraction levels. The arith150

dialect provides integer arithmetic operations—addition151

(arith.addi), multiplication (arith.muli), bitwise152

AND (arith.andi), logical shift (arith.shrui), sign153

extension (arith.extsi)—with formally defined modular154

bitvector semantics. The vector dialect provides retargetable155

vector abstractions including element-wise operations and156

reductions (vector.reduction <add>). Recent work157

has formalized all 26 arith operations in SMT [12],158

confirming that MLIR’s arith semantics correspond exactly159

to SMT bitvector theory.160

C. RISC-V Vector Extension161

The RISC-V Vector extension (RVV 1.0) [2] provides162

data-parallel instructions with configurable element width163

(SEW) and vector length (VLEN). Instructions relevant164

to quantized inference include: vand.vx (bitwise AND165

with scalar), vsrl.vx (logical right shift by scalar),166

vsub.vx (subtract scalar), vwmul.vv (widening mul-167

tiply, SEW→2×SEW), vwmacc.vv (widening multiply-168

accumulate), and vwredsum.vs (widening reduction sum).169

Widening instructions produce results at double the source170

element width, and the reduction instruction accumulates all171

vector elements into a single scalar.172

D. Quantized Inference: Q4 0 Format173

The Q4 0 quantization format [1] packs two 4-bit integer174

values per byte. Each block of 32 values stores 16 packed175

bytes (qs[0..15]) and one FP16 scale factor d. The dot176

product of a Q4 0 block with a Q8 0 block (y_qs[0..31])177

computes:178

sumi =

15∑
i=0

[
(qlo

i − 8) · ylo
i + (qhi

i − 8) · yhi
i

]
(1)

where qlo
i = qs[i] & 0xF and qhi

i = qs[i] ≫ 4 are the low179

and high nibbles, and ylo = y_qs[0:15], yhi = y_qs[16:31]180

are the first and second 16-element halves of the 32-element181

Q8 0 block. The final result is dx ·dy ·sumi. Our verification182



MLIR (vector + arith dialect)

LLVM IR (vector operations)

RVV Assembly (11 instructions)

Sail ISA Specification (RVV 1.0)

Layer 1: UNSAT

Layer 2: UNSAT

Layer 3: by construction

mlir_spec.py

llvm_ir_spec.py

isla_trace.py

isla-footprint

Z3

UNSAT

Fig. 1. Three-layer verification architecture. Each double arrow represents a
Z3 bitvector equivalence proof. Layer 3 holds by construction: Isla symboli-
cally executes the Sail specification.

targets the integer computation (Eq. 1); the FP16 scale is out183

of scope (§V-H).184

The corresponding C code in llama.cpp’s185

ggml_vec_dot_q4_0_q8_0 (RVV path) computes186

this via a sequence of vector operations: load packed bytes,187

extract nibbles with AND/shift, subtract bias, perform188

widening multiply-accumulate, and reduce to a scalar sum.189

The RVV implementation uses 11 instructions per block190

(Table V), exploiting widening operations to maintain191

precision without explicit intermediate storage.192

III. METHODOLOGY193

A. Problem Statement194

Let MLIR(x⃗), LLVM (x⃗), and ISA(x⃗) denote the functions195

computed by the kernel at the MLIR, LLVM IR, and ISA196

levels respectively, where x⃗ represents the symbolic input197

vector registers. We wish to prove:198

∀ x⃗. MLIR(x⃗) = LLVM (x⃗) = ISA(x⃗) (2)

We decompose this into three layer proofs. Each is dis-199

charged by showing that the negation is UNSAT in the theory200

of fixed-width bitvectors (QF BV). Since QF BV is decidable,201

the proofs are complete: UNSAT means equivalence holds for202

all inputs, not just a bounded subset.203

B. Architecture Overview204

Figure 1 shows the three-layer verification architecture.205

Each layer connects two adjacent representations through a206

Z3 bitvector equivalence proof. If all layers are UNSAT (no207

counterexample exists), the entire chain from MLIR to ISA208

specification is provably correct for all inputs.209

C. Layer 3: ISA Semantics via Isla210

For each RVV instruction in the kernel, we invoke Isla’s211

isla-footprint on the official Sail RISC-V model with212

the concrete instruction encoding. Isla symbolically executes213

the Sail specification and outputs an SMT trace. The trace is214

a faithful rendering of the Sail semantics: it preserves every215

bitvector operation, sign extension, extraction, and conditional216

that the Sail model specifies for that instruction and configu-217

ration (vtype, vl).218

The key property of Layer 3 is that it holds by construction:219

the trace is the Sail specification, symbolically evaluated.220

There is no separate proof obligation; the trust lies in Isla’s221

symbolic execution engine.222

To additionally validate the traces, we prove each auto-223

parsed Isla formula equivalent to an independently hand-224

written per-element specification (§V-B). This cross-check225

catches both parser bugs and potential Isla issues. All 81226

element-level checks return UNSAT.227

D. Layer 2: Kernel Composition and Codegen Verification228

Per-element decomposition: Isla produces a single VLEN-229

wide (256-bit) formula that assembles all vector elements via230

nested bvor/zero_extend operations. Asking Z3 to reason231

about the full 256-bit formula causes solver timeouts (>10232

minutes). We solve this by decomposing at the AST level233

before conversion to Z3: the parser walks the S-expression234

tree to identify per-element sub-expressions (recognized by the235

((_ zero_extend N) elem) assembly pattern), yield-236

ing individual SEW-bit formulas. This reduces solver time237

from minutes to under one second per element.238

Instruction composition: Given per-element formulas for239

each instruction, we compose the multi-instruction kernel by240

register chaining. Let f (k)
i denote the formula for element i of241

the output register after instruction k. Each instruction reads242

one or more input registers; for each input register r that was243

written by a previous instruction j, we substitute the prior244

output:245

f
(k)
i = g

(k)
i

[
r[i] 7→ f

(j)
i

]
(3)

where g
(k)
i is the raw Isla formula with symbolic inputs, and246

the substitution replaces the symbolic register read with the247

concrete expression from instruction j.248

For widening instructions (e.g., vwmul.vv: 8-bit → 16-249

bit), the output element width (16 bits) differs from the250

input element width (8 bits). The composer must track per-251

register element widths: when a subsequent instruction reads252

the widened register, it must extract 16-bit elements rather253

than 8-bit elements. For the Q4 0 kernel, three distinct ele-254

ment widths coexist: 8-bit (ALU), 16-bit (widening multiply255

output), and 32-bit (reduction output).256

Handling multiple element widths: The widening multiply257

vwmul.vv v8,v6,v2 reads 8-bit elements from v6 and258

v2, and writes 16-bit elements to v8 (actually occupying259

register pair v8:v9 in RVV). The subsequent vwmacc.vv260

v8,v7,v3 reads the 16-bit elements from v8 (as its ac-261

cumulator) and 8-bit elements from v7 and v3, producing262

updated 16-bit elements. The final vwredsum.vs reads 16-263

bit elements and produces a single 32-bit result. Our composer264

handles this by maintaining an element-width tag per register,265

adjusting the element extraction width during substitution.266



Worked example: two-instruction composition: Consider267

composing vand.vx v4,v1,a3 followed by vsub.vx268

v6,v4,a5. After parsing, vand produces per-element for-269

mulas eand
i = v1[i] & a3[7:0]. The vsub trace has input270

symbols for v4 and a5, producing esub
i = v4[i] − a5[7:0].271

Composition substitutes v4[i] 7→ eand
i , yielding:272

ecomposed
i = (v1[i] & a3[7:0])− a5[7:0]

This extends to the full 11-instruction kernel by chaining all273

outputs to inputs sequentially. The final composed formula for274

element i of the kernel output is:275

ei = sext16

(
((x_qs[i] & 0xF)− 8) · y_lo[i]

)
+ sext16

(
((x_qs[i] ≫ 4)− 8) · y_hi[i]

)
(4)

where all operations are in the appropriate bitvector widths (8-276

bit inputs, 16-bit intermediate, 32-bit final sum). The kernel277

result is sumi =
∑15

i=0 sext32(ei).278

Codegen verification: The composed kernel formula is279

compared against the LLVM IR specification. Both are ex-280

pressed over the same symbolic input variables. The Z3281

query composed_isla ̸= llvm_ir_result is checked:282

UNSAT means the LLVM-to-RVV code generation is correct283

for all inputs.284

E. Layer 1: Compiler IR Equivalence285

The MLIR and LLVM IR representations of the kernel are286

parsed into Z3 expressions. Each IR operation maps to a Z3287

bitvector operation (Table I). The equivalence proof checks:288

mlir_result ̸= llvm_result is UNSAT.289

Note that Layer 1 proves equivalence between two provided290

specifications, not that a particular compiler pass preserves291

semantics. In a production flow, the LLVM IR would be292

produced by MLIR’s lowering passes; our proof verifies that293

the two representations compute the same function, regardless294

of how they were generated.295

Since MLIR’s arith dialect semantics are defined as296

modular bitvector arithmetic [12], and LLVM IR’s integer297

operations have the same semantics, the mapping to Z3 is298

direct and does not require approximation or abstraction.299

The kernels use 8 distinct operation types across the two300

IRs (Table I). Each maps to exactly one Z3 bitvector op-301

eration, preserving bit-exact semantics. The sign extension302

(arith.extsi / sext) has no explicit RVV counter-303

part because the widening instructions (vwmul, vwmacc,304

vwredsum) implicitly sign-extend their operands. This im-305

plicit extension is captured in the Isla trace and verified against306

the explicit extension in the compiler IR.307

F. Pipeline Flow308

Figure 2 shows the end-to-end pipeline. Given RVV instruc-309

tion encodings, isla-footprint produces SMT traces.310

The traces are parsed, decomposed per-element, composed311

into a kernel formula, and compared against the compiler IR312

specifications.313

TABLE I
MAPPING FROM COMPILER IR OPERATIONS TO Z3 AND RVV.

MLIR LLVM IR Z3 RVV

arith.andi and bvand vand.vx
arith.shrui lshr bvlshr vsrl.vx
arith.shli shl bvshl (axiomatized)
arith.subi sub bvsub vsub.vx
arith.extsi sext sign ext (implicit)
arith.muli mul bvmul vwmul.vv
arith.addi add bvadd vwmacc.vv
vector.reduction reduce.add Σ vwredsum.vs

RVV
encoding

isla-
footprint

SMT trace
(.smt)

S-expr
parser

Z3 per-
element

compose
(substitute)

Z3 check
UNSAT?

MLIR
parser

LLVM IR
parser

Fig. 2. Pipeline flow. Isla traces are parsed into per-element Z3 expressions,
composed via substitution, and checked against MLIR and LLVM IR speci-
fications.

G. Scalability Techniques314

Applying symbolic ISA execution to SIMD vector in-315

structions raises three scalability challenges absent in scalar316

verification.317

Challenge 1: Monolithic vector formulas: Isla produces a318

single VLEN-wide (256-bit) formula per instruction, assem-319

bling all vector elements via nested bvor/zero_extend320

operations. Z3 cannot efficiently reason about these mono-321

lithic formulas: a single vwmul.vv at VLEN=256 causes322

solver timeouts exceeding 10 minutes. We decompose at the323

S-expression AST level before Z3 conversion, recognizing324

the ((_ zero_extend N) elem) assembly pattern to325

extract individual SEW-bit sub-formulas. Result: each element326

solves in <1 s instead of >10 min for the monolithic formula.327

This decomposition is sound because RVV lane-parallel in-328

structions compute each element independently: element i’s329

output depends only on element i of its source operands, with330

no cross-lane data flow. Reduction instructions (vredsum,331

vwredsum) are an exception—they depend on all elements—332

and are verified as a single formula, not per-element.333

Challenge 2: Masked instruction path explosion: Masked334

vector instructions (e.g., vsub.vx v4,v4,a5,v0.t)335

cause 2V L path explosion in Isla because the Sail model336

branches on each mask bit independently. We decompose337

masked operations into three independently verified338

components: (a) an Isla trace for the mask computation339

itself (e.g., vmnand.mm, which is unmasked and traces340

normally); (b) the mask-undisturbed ITE policy from the341

RVV specification; and (c) an algebraic equivalence lemma342

verified in Z3. This is general: any masked RVV arithmetic343

instruction can be decomposed this way.344



TABLE II
SCALABILITY CHALLENGES AND THEIR SOLUTIONS.

Challenge Naı̈ve Our solution

256-bit formula >10 min (timeout) <1 s/element
Masked instruction 216 paths (timeout) 3 lemmas, <1 s
n-instr. kernel exponential risk O(n) substitutions

Challenge 3: Composition without blowup: We compose345

multi-instruction kernels via Z3 substitute(), which per-346

forms syntactic replacement without simplification. The final347

equivalence check operates on small per-element formulas348

(8–32 bits), not the full 256-bit vector. Total cost: O(n)349

substitution steps plus one Z3 solve per element.350

H. Soundness Argument351

The verification is sound under the following trust assump-352

tions:353

1) The Sail RISC-V model [9] correctly specifies RVV 1.0354

semantics. (Maintained by the RISC-V community.)355

2) Isla [10] faithfully performs symbolic execution of Sail.356

(Tested extensively by Armstrong et al.)357

3) The Z3 SMT solver is correct. (Standard assumption in358

SMT-based verification.)359

4) Our parsers correctly translate S-expressions, MLIR, and360

LLVM IR to Z3 bitvector expressions.361

Assumption (4) is the weakest. We validate it through three362

independent mechanisms:363

1) Per-element cross-checking (§V-B): all 81 auto-parsed364

element formulas across 6 instruction types are proved365

equivalent to independently hand-written specifications366

(100% coverage of active elements).367

2) Structural simplicity: the Isla trace parser handles only368

14 SMT operations (10 bitvector arithmetic, 3 type con-369

versions, and ite). Each maps to exactly one Z3 API370

call. The parser contains no approximation, abstraction,371

or case-splitting logic.372

3) End-to-end consistency: the three-layer proof itself373

serves as a cross-check—the Isla-derived formulas,374

MLIR formulas, and LLVM IR formulas are constructed375

by three independent parsers from three independent376

inputs. All three agreeing (UNSAT) is evidence that no377

single parser is silently wrong.378

These mechanisms provide strong evidence for parser correct-379

ness but do not formally eliminate the parsers from the TCB.380

A parser bug would need to produce formulas that are si-381

multaneously wrong yet equivalent to both hand-written specs382

and two independently parsed compiler IR representations—383

a highly constrained failure mode, though not impossible in384

principle.385

Trusted computing base: The TCB consists of: (a) the386

Sail RISC-V model (∼30K lines of Sail, maintained by387

the RISC-V community); (b) the Isla symbolic execution388

engine (∼18K lines of Rust); (c) the Z3 SMT solver389

(∼500K lines of C++); and (d) our parsers (1,268 lines390

TABLE III
IMPLEMENTATION COMPONENTS.

Component File LOC

Isla trace parser + composer isla_trace.py 908
MLIR spec extractor mlir_spec.py 174
LLVM IR spec extractor llvm_ir_spec.py 186
Per-instruction verifier verify_q4_0_auto.py 215
Three-layer verifiers verify_three_layer*.py 1,079
VLEN portability verifier verify_vlen_portable.py 157
Instruction encoder rvv_encode.py 118
Declarative framework rvs.py 186

Total (Python) 3,714
Rust CLI (tool/) rvs 2,012

of Python for isla_trace.py, mlir_spec.py, and391

llvm_ir_spec.py). Components (a)–(c) are widely used392

and independently validated. Our parsers are the smallest393

component and the least externally validated, but the three394

cross-checking mechanisms above constrain the space of un-395

detected bugs to those that preserve equivalence across all396

three representations—a highly unlikely scenario for 14 simple397

operation mappings.398

IV. IMPLEMENTATION399

The pipeline is implemented in 3,714 lines of Python, with400

an additional 2,012-line Rust CLI that provides declarative401

TOML-based verification. Table III summarizes the compo-402

nents.403

A. Isla Trace Parser404

isla_trace.py is the largest component. It implements:405

(1) an S-expression tokenizer and recursive-descent parser;406

(2) an Isla trace analyzer that identifies read-reg and407

write-reg events, building a map from register names408

to symbolic expressions; (3) a recursive converter from409

Isla’s SMT-like AST to Z3 Python API calls, supporting all410

bitvector operations used in RVV traces: bvadd, bvsub,411

bvmul, bvand, bvor, bvxor, bvshl, bvlshr, bvashr,412

extract, sign_extend, zero_extend, concat, and413

ite; (4) a per-element decomposer (get_elements())414

that walks the AST to extract individual element sub-formulas.415

The per-element decomposition is critical for scalability.416

Isla’s output for a vector arithmetic instruction at VLEN=256,417

SEW=8 assembles all vector elements into a single 256-bit418

formula. The assembly pattern is:419

result =
(
zext248(e0)

)
|
(
zext248(e1) ≪ 8

)
|· · ·|

(
zext248(e15) ≪ 120

)
where ei is the SEW-bit formula for element i. Asking Z3420

to simplify Extract(7, 0, big formula) on this expression421

causes the solver to reason about the entire 256-bit structure,422

leading to timeouts exceeding 10 minutes.423

Our decomposer walks the S-expression AST to locate424

the ((_ zero_extend N) elem) nodes. Each such node425

contains the complete per-element formula as its child. The de-426

composer collects these in traversal order (which corresponds427



Listing 2. Q4 0 kernel in MLIR (excerpt).
1 func.func @q4_dot_block(
2 %x_qs: vector<16xi8>,
3 %y_lo: vector<16xi8>,
4 %y_hi: vector<16xi8>) -> i32 {
5 %mask = arith.constant dense<15>
6 : vector<16xi8>
7 %lo = arith.andi %x_qs, %mask
8 : vector<16xi8>
9 %hi = arith.shrui %x_qs, %shift

10 : vector<16xi8>
11 %lo_s = arith.subi %lo, %bias
12 : vector<16xi8>
13 // ... sign extend, multiply, accumulate
14 %result = vector.reduction <add>, %prod_32
15 : vector<16xi32> into i32
16 return %result : i32
17 }

to element index order due to Isla’s left-to-right assembly)428

and converts each to a separate Z3 expression. This yields429

16 independent SEW-bit formulas, each solvable in under one430

second.431

B. Compiler IR Parsers432

mlir_spec.py and llvm_ir_spec.py parse their re-433

spective IR formats using regular expressions over the SSA434

form. Each recognized operation is converted to a Z3 bitvector435

call via the mapping in Table I. Both parsers maintain SSA436

value maps (%name → [Z3_expr]), track vector element437

types, and support type conversions (sext, zext, trunc)438

and horizontal reductions.439

Listing 2 shows the MLIR specification of the Q4 0 kernel440

used in our evaluation.441

C. Kernel Composer442

The KernelComposer class (within isla_trace.py)443

automates multi-instruction composition. It maintains a per-444

register element-width-aware state map. For each instruction445

step, it: (1) loads the Isla trace; (2) identifies which input regis-446

ters overlap with previously computed outputs; (3) substitutes447

the prior output expressions for the new input symbols via Z3448

substitute(); (4) stores the resulting expressions as the449

new register state.450

Register remapping allows reusing a single Isla trace451

for multiple instances of the same instruction with dif-452

ferent operands. For example, the Q4 0 kernel contains453

two vsub.vx instructions: vsub.vx v6,v4,a5 and454

vsub.vx v7,v5,a5. Both use the same Isla trace (same455

opcode), but the composer remaps the source register from456

v4 to v5 and the destination from v6 to v7 for the second457

instance.458

D. Instruction Encoding459

rvv_encode.py automates the generation of instruc-460

tion encodings for Isla. Given an RVV assembly mnemonic461

(e.g., vwmul.vv v8,v6,v2), it invokes the RISC-V462

GNU assembler (riscv64-linux-gnu-as) to assem-463

ble the instruction, extracts the 4-byte encoding via464

objcopy, and returns it in the little-endian hex format that465

TABLE IV
ISLA TRACE SIZES FOR THE Q4 0 KERNEL INSTRUCTIONS.

Trace file Lines SEW config

vand_trace_sew8.smt 169 SEW=8
vsrl_trace_sew8.smt 169 SEW=8
vsub_trace_sew8.smt 169 SEW=8
vwmul_sew8_trace.smt 209 SEW=8
vwmacc_sew8_trace.smt 209 SEW=8
vwredsum_sew16_trace.smt 144 SEW=16

isla-footprint expects. This eliminates manual encod-466

ing lookup and reduces the risk of encoding errors.467

E. Multi-SEW Tracing468

The Q4 0 kernel uses mixed element widths: SEW=8 for469

ALU operations (nibble extraction, bias subtraction, widen-470

ing multiply) and SEW=16 for the widening reduction sum.471

Since Isla requires a fixed vtype per trace, we generate472

separate Sail IR files for each SEW setting by patching the473

init_model function in the Sail source and rebuilding with474

Isla’s isla-sail compiler. Three configurations are used:475

• SEW=8, LMUL=1, VL=16: For 8-bit ALU operations476

(vand, vsrl, vsub) and widening operations (vwmul,477

vwmacc) that read 8-bit elements.478

• SEW=16, LMUL=2, VL=16: For the widening reduction479

(vwredsum.vs) that reads 16-bit elements and pro-480

duces a 32-bit result. LMUL=2 is required because the481

16-bit source vector occupies two physical registers.482

• SEW=32, LMUL=1, VL=8: Used during early de-483

velopment for simpler instruction verification (e.g.,484

vmacc.vv) but not required for the Q4 0 kernel.485

Each Sail IR file is approximately 14 MB and takes 2–3486

minutes to build. Once built, isla-footprint produces a487

trace in 1–5 seconds per instruction. The Isla traces for the488

Q4 0 kernel range from 144 to 209 lines of S-expressions489

(Table IV).490

V. EVALUATION491

A. Verified Kernel492

We verify the integer core of llama.cpp’s493

ggml_vec_dot_q4_0_q8_0, which computes one494

block (16 Q4 0 nibble pairs) of the quantized dot product495

using 11 RVV instructions. Table V lists the instruction496

sequence with encodings and element widths.497

The three vector loads (#1–3) bring the Q4 0 packed nibble498

bytes (x_qs) and Q8 0 values (y_lo, y_hi) into vector499

registers. Instructions #4–5 extract low and high nibbles from500

each packed byte: vand.vx masks with 0x0F to get the501

low nibble, and vsrl.vx shifts right by 4 to get the high502

nibble. Instructions #6–7 subtract the zero-point bias 8 from503

each nibble (converting unsigned [0, 15] to signed [−8, 7]).504

Instructions #8–9 are the computational core: vwmul.vv505

performs widening signed multiply (8 → 16 bits), computing506

sext(loi) × sext(ylo
i ), and vwmacc.vv performs widening507



TABLE V
VERIFIED RVV INSTRUCTIONS IN THE Q4 0 KERNEL. SEW INDICATES

THE SOURCE ELEMENT WIDTH; WIDENING INSTRUCTIONS PRODUCE
2×SEW OUTPUT.

# Instruction SEW Operation

1–3 vle8.v vN,(aM) 8 load ×3
4 vand.vx v4,v1,a3 8 nibble mask
5 vsrl.vx v5,v1,a4 8 nibble shift
6 vsub.vx v6,v4,a5 8 bias subtract
7 vsub.vx v7,v5,a5 8 bias subtract
8 vwmul.vv v8,v6,v2 8→16 widen multiply
9 vwmacc.vv v8,v7,v3 8→16 widen MAC
10 vmv.v.x v10,x0 16 zero init
11 vwredsum.vs v10,v8,v10 16→32 widen reduce

TABLE VI
PER-INSTRUCTION VERIFICATION RESULTS. EACH INSTRUCTION IS

DECOMPOSED INTO VL=16 PER-ELEMENT PROOFS. ALL RETURN UNSAT.

Instruction SEW Spec Elems Result

vand.vx 8 v1[i] & a3 16 UNSAT
vsrl.vx 8 LShR(v1[i],a4) 16 UNSAT
vsub.vx 8 v4[i]− a5 16 UNSAT
vwmul.vv 8→16 sext(v6[i])× sext(v2[i]) 16 UNSAT
vwmacc.vv 8→16 vd[i] + sext(v7[i])× sext(v3[i]) 16 UNSAT
vwredsum.vs 16→32 v10[0] +

∑
sext(v8[i]) 1 UNSAT

Total element proofs 81 all UNSAT

multiply-accumulate, adding sext(hii)× sext(yhi
i ) to the result.508

After these two instructions, v8 contains 16 elements of 16-bit509

partial products.510

Instruction #10 initializes the accumulator to zero, and511

instruction #11 (vwredsum.vs) reduces all 16 elements of512

v8 into a single 32-bit sum, producing the integer dot product513

sumi from Equation 1.514

Note that the vector loads (#1–3) are not verified at the func-515

tional level—they are axiomatized as reading fresh symbolic516

values from memory. The verification proves that given the517

loaded values, the subsequent computation correctly produces518

the dot product. Address computation and memory consistency519

are outside our current scope.520

B. Per-Instruction Verification521

Each of the 6 non-load instructions is verified individually.522

The Isla trace is auto-parsed and decomposed into per-element523

formulas (up to VLEN/SEW elements per register; we verify524

the first VL=16 active elements). Each active element is proved525

equivalent to its hand-written specification. Table VI shows the526

results.527

All 81 element-level proofs return UNSAT, confirm-528

ing the auto-parser’s correctness. The reduction instruction529

(vwredsum.vs) produces a single scalar result rather than530

per-element outputs, hence 1 proof instead of 16.531

The per-element decomposition is essential: without it, the532

full 256-bit formula for vwmul.vv causes Z3 to exceed a533

10-minute timeout. With decomposition, each 16-bit element534

formula solves in <1 second.535

TABLE VII
THREE-LAYER VERIFICATION RESULTS. TOTAL WALL-CLOCK TIME

INCLUDES PARSING, Z3 FORMULA CONSTRUCTION, AND SOLVER TIME.

Layer What is proved Result Time

Per-instr Isla == hand-spec (×6) UNSAT 20.6 s
Layer 1 MLIR == LLVM IR UNSAT <0.1 s
Layer 2 LLVM IR == Isla composed UNSAT 0.1 s
Layer 3 Isla traces == Sail spec by constr. —
E2E MLIR == Isla (transitive) UNSAT <0.1 s

C. Three-Layer Results536

Table VII summarizes the verification across all three layers.537

The end-to-end proof (MLIR == Isla, transitively through538

LLVM IR) is also checked directly, confirming consistency.539

The per-instruction verification (20.6 s) dominates total time540

because it checks 81 individual element formulas across 6541

instructions, each requiring a separate solver invocation. Lay-542

ers 1 and 2 complete in under 0.1 s because they compare543

pre-composed expressions that share symbolic variables—Z3544

recognizes structural equivalence rapidly.545

Discussion: The fast Layer 1 and Layer 2 times deserve546

explanation. Both the MLIR and LLVM IR parsers produce547

Z3 expressions using the same symbolic variable names (e.g.,548

x_qs_0 through x_qs_15). The Z3 expressions for the549

MLIR and LLVM IR specifications are structurally identical550

because the operations are the same (AND, shift, subtract,551

sign-extend, multiply, add, reduce); only the syntax differs.552

Z3 recognizes this structural equivalence without exploring553

the bitvector search space.554

For Layer 2, the composed Isla formula is also structurally555

similar to the LLVM IR formula after substitution—both556

express the same sequence of operations over the same inputs.557

The solver time is dominated by Z3’s internal simplification558

rather than SAT search.559

This is a positive result: it means the pipeline scales well.560

The cost grows linearly with the number of instructions561

(one trace parse + one composition step per instruction), not562

exponentially with input width.563

Isla trace generation time: The one-time cost of generating564

Isla traces is not included in the verification time above.565

Building a Sail IR file for a given SEW configuration takes 2–3566

minutes. Running isla-footprint for a single instruction567

takes 1–5 seconds. For the Q4 0 kernel (6 unique instruction568

types, 2 SEW configurations), the total trace generation time569

is approximately 6 minutes. These traces are generated once570

and reused across all verification runs.571

D. Second Kernel: Q8 0 × Q8 0572

To demonstrate that the pipeline generalizes573

beyond Q4 0, we verify a second kernel: llama.cpp’s574

ggml_vec_dot_q8_0_q8_0. The Q8 0 format stores575

weights as signed 8-bit integers (no nibble packing), so the576

integer datapath is simpler: widening multiply followed by577

widening reduction, using only 2 RVV arithmetic instructions578

(Table VIII).579



TABLE VIII
VERIFIED RVV INSTRUCTIONS IN THE Q8 0 KERNEL.

# Instruction SEW Operation

1–2 vle8.v vN,(aM) 8 load ×2
3 vwmul.vv v4,v1,v2 8→16 widen multiply
4 vwredsum.vs v6,v4,v6 16→32 widen reduce

TABLE IX
THREE-LAYER VERIFICATION RESULTS FOR Q8 0 × Q8 0. THE SAME

PIPELINE AND ISLA TRACES ARE REUSED FROM Q4 0.

Layer What is proved Result Time

Layer 1 MLIR == LLVM IR UNSAT <0.1 s
Layer 2 LLVM IR == Isla composed UNSAT <0.1 s
Layer 3 Isla traces == Sail spec by constr. —
E2E MLIR == Isla (transitive) UNSAT <0.1 s

Table IX shows the three-layer verification results. Both580

the MLIR and LLVM IR specifications are straightforward:581

sign-extend both input vectors to 16 bits, multiply element-582

wise, sign-extend to 32 bits, and reduce. The Isla composition583

reuses the same vwmul and vwredsum traces from the Q4 0584

verification—no new trace generation is required.585

The Q8 0 kernel completes in under 0.1 s total—faster than586

Q4 0 because the composition involves only 2 arithmetic587

instructions instead of 7. This result validates the “Gener-588

alization” claim: adding a new kernel required writing two589

specification files (32 and 24 lines of MLIR and LLVM IR590

respectively) and a verification script, with zero changes to591

the parser, composer, or infrastructure code. The Isla traces,592

which represent the most expensive artifact to generate, are593

fully reused.594

E. Third Kernel: Q5 0 × Q8 0595

Q5 0 uses 5-bit weights: each value is encoded as a 4-596

bit nibble plus a 5th bit from a separate bitmask (qh). The597

decoded weight is:598

wi = (nibblei + (qh_biti ≪ 4))− 16

Since nibblei ∈ [0, 15] and qh_biti ≪ 4 ∈ {0, 16} have599

disjoint bit positions, addition is equivalent to bitwise OR. The600

result equals nibblei when qh_biti=1 and nibblei−16601

when qh_biti=0, covering the 5-bit signed range [−16, 15].602

The actual RVV implementation uses masked operations603

(vlm.v, vmnand.mm, masked vsub.vx .mu) to imple-604

ment this conditional subtract. Isla cannot directly trace605

masked arithmetic instructions: the Sail model branches per606

mask bit, causing 2V L path explosion. We decompose the607

masked subtract into three independently justified components:608

(a) a vmnand.mm Isla trace proving mask inversion (∼v0);609

(b) the mask-undisturbed ITE policy from the RVV specifi-610

cation (result[i] = ite(mask[i],op,keep)); and (c) an611

algebraic lemma proving ite(¬qh, n−16, n) = n+qh≪4−612

16, verified in Z3. All six Q4 0 arithmetic traces are reused,613

plus the new vmnand.mm trace (7 total).614

TABLE X
THREE-LAYER VERIFICATION RESULTS FOR Q5 0 × Q8 0. SEVEN ISLA
TRACES (6 REUSED + VMNAND.MM); MASKED SUBTRACT DECOMPOSED

VIA ISLA TRACE + RVV SPEC + ALGEBRAIC LEMMA.

Layer What is proved Result Time

Layer 1 MLIR == LLVM IR UNSAT <0.1 s
Layer 2 LLVM IR == Isla composed UNSAT <0.1 s
Layer 3 Isla traces == Sail spec by constr. —
E2E MLIR == Isla (transitive) UNSAT <0.1 s

TABLE XI
TEN ADDITIONAL VERIFIED KERNELS. ALL REUSE EXISTING ISLA
TRACES; ONLY Q2 K REQUIRED ONE NEW TRACE (VWMULU.VV).

Kernel Steps Inputs Time Result

Q4 1×Q8 1 5 trace 2384 <0.1 s UNSAT
Q5 1×Q8 1 5 trace + 4 axiom 2640 <0.1 s UNSAT
Q4 K×Q8 K 5 trace 2384 <0.1 s UNSAT
Q5 K×Q8 K 5 trace + 4 axiom 2640 <0.1 s UNSAT
Q6 K×Q8 K 4 trace + 2 axiom 2384 <0.1 s UNSAT
Q3 K×Q8 K 3 trace + 2 axiom 2384 <0.1 s UNSAT
Q2 K×Q8 K 1 trace + axiom 2384 <0.1 s UNSAT
Vector add (i8) 1 trace 2256 <0.1 s UNSAT
ReLU (i8) 1 trace 2128 <0.01 s UNSAT
Conv1D (i8, k=16) 2 trace 2256 <0.1 s UNSAT

Table X shows the verification results. The Q5 0 kernel615

verifies in under 0.1 s, demonstrating that increasing quan-616

tization complexity (from 4-bit to 5-bit with bitmask) does617

not significantly increase verification cost. The input space618

is 2640 (5 input vectors × 16 elements × 8 bits). The only619

remaining axiom is the mask-undisturbed ITE policy, which620

is a definitional property of the RVV specification rather than621

an algebraic claim about the computation.622

F. Additional Kernels623

To validate the “free lunch” reuse property, we verify ten624

additional kernels using existing Isla traces with at most one625

new trace (vwmulu.vv for Q2 K).626

Q4 1×Q8 1 and Q5 1×Q8 1: asymmetric-quantization627

variants of Q4 0 and Q5 0. The integer datapath is identical628

except the zero-point subtraction (vsub.vx) is omitted—the629

bias is handled by a floating-point minimum term outside the630

integer scope.631

K-quant kernels (Q2 K through Q6 K): llama.cpp’s K-632

quant formats use multi-level quantization with per-subblock633

scales and varying bit widths (2–6 bits). We verify the integer634

core of each sub-block: Q4 K is structurally identical to635

Q4 1 (same 5 traces). Q5 K is structurally identical to Q5 1636

(5 traces + 4 axiom steps). Q6 K uses 6-bit values: val = (lo |637

(qh ≪ 4))− 32 (4 traces + 2 axiom). Q3 K uses 2-bit values638

with a 1-bit mask: val = q3 + 4 · hmask − 4 (range −4 to 3;639

3 traces + 2 axiom). Q2 K is the most complex: a three-term640

unsigned product
∑

zext(q2)·zext(scale)·sext(q8). It requires641

a new vwmulu.vv (unsigned widening multiply) Isla trace,642



which we verify separately against the ZeroExt × ZeroExt643

axiom.644

Vector addition (vadd.vv): element-wise ci = ai + bi.645

ReLU (vmax.vx): element-wise max(xi, 0). 1D convolu-646

tion: reuses vwmul and vwredsum traces from Q8 0.647

All ten verify in all three layers (UNSAT). Table XI summa-648

rizes the results. Each kernel required only new MLIR (∼15649

lines) and LLVM IR (∼15 lines) specification files plus a650

TOML manifest. The entire K-quant sweep required zero new651

Isla trace generation (except the single vwmulu.vv trace for652

Q2 K), demonstrating the framework’s composability.653

G. Compiler Variant Equivalence654

A direct application of the pipeline is proving that two655

different assembly sequences—emitted by different compil-656

ers or optimization levels—compute the same result. In the657

Q4 0 kernel, our verified sequence uses vsub.vx v,v,8658

for bias subtraction, while Clang 18.1 at -O3 emits659

vadd.vi v,v,-8 (a strength reduction exploiting two’s660

complement: −8 = 0xF8 in 8 bits). We prove in Z3 that661

(1) x − 8 = x + 0xF8 for all 8-bit x, (2) both nibble662

pipelines (AND+sub vs. AND+add, shift+sub vs. shift+add)663

are equivalent, and (3) the full 16-element composed dot664

product—with 2384 inputs—is identical under either encoding.665

We additionally verify a second class of strength reduction:666

vmul.vx v,v,2 (multiply by 2) versus vadd.vv v,v,v667

(add to self), proving equivalence for both plain and widening668

(8→16-bit) variants. All 7 proofs return UNSAT in <0.1 s total669

(experiments/verify_vadd_vsub_equiv.py).670

This result is significant because it requires no Isla traces:671

the Z3 formulas are constructed directly from the instruction672

semantics at the bitvector level. Given any two candidate673

instruction sequences whose per-element semantics can be ex-674

pressed in SMT, the pipeline can verify their equivalence with-675

out re-running symbolic execution. This enables a lightweight676

form of translation validation: given a compiler that emits677

sequence A and a reference that uses sequence B, our pipeline678

can certify A ≡ B over all inputs.679

H. Scope and Limitations680

What is verified: Thirteen kernels covering all ten llama.cpp681

quantization formats. (1) Q4 0: nibble extraction, bias sub-682

traction, widening multiply, widening MAC, and widening683

reduction (11 instructions, 2384 inputs). (2) Q4 1: same as684

Q4 0 without zero-point subtraction (5 instructions). (3) Q5 0:685

same as Q4 0 plus conditional 5th-bit bitmask (2640 inputs).686

(4) Q5 1: same as Q5 0 without zero-point subtraction.687

(5) Q8 0: widening multiply and reduction (4 instructions,688

2256 inputs). (6) Q4 K: structurally identical to Q4 1 (per-689

subblock scale). (7) Q5 K: structurally identical to Q5 1.690

(8) Q6 K: 6-bit values with zero-point subtraction (4 traces +691

2 axiom). (9) Q3 K: 2-bit values with 1-bit hmask (3 traces + 2692

axiom). (10) Q2 K: three-term unsigned product (1 new trace693

+ axiom). (11–13) Vector addition, ReLU, 1D convolution.694

All are verified end-to-end from MLIR to Sail ISA spec.695

C source
(llama.cpp) MLIR spec LLVM IR

RVV asm
(Isla/Sail)

Hardware
RTL

Verified (this work)

Fig. 3. Verification scope within the full inference pipeline. Solid boxes are
verified; dashed boxes are out of scope.

Per-element formulas are additionally proved VLEN-portable696

(identical at VL=8 and VL=16).697

What is not verified: (1) Floating-point scale multipli-698

cation (dx · dy applied after the integer sum). This re-699

quires FP theory in Z3, which is decidable but computa-700

tionally expensive. (2) Memory semantics: vector loads are701

axiomatized as fresh symbolic values. We do not verify702

that addresses are correct. (2b) Vector type configuration:703

vsetvli sets SEW, LMUL, and VL at runtime. We verify704

that the Sail model’s vsetvli correctly sets vtype (SEW=8,705

LMUL=1, vta=1, vma=0) and VL = min(AVL,VLMAX)706

for all 264 AVL values, covering all three execution paths707

(experiments/verify_vsetvli.py). (3) Loop struc-708

ture: we verify one block iteration. The outer loop accumulates709

across blocks: sumf += dx ·dy ·sumik for k = 0, . . . , nb−1.710

Given that the single-block integer result sumik is proved711

correct for all inputs, the loop is correct by induction: the base712

case (k = 0) is our single-block proof, and the inductive step713

is a scalar FP accumulation independent of the datapath. Veri-714

fying the branch and loop-counter instructions (bne, addi) at715

the Isla trace level is straightforward future work. (4) Compiler716

codegen from C: the mapping from llama.cpp’s C source to717

the RVV assembly sequence is not in our verification chain.718

We verify the assembly against the Sail ISA spec, not against719

the C source. However, we validate that our verified sequence720

matches real compiler output: both GCC 13.3 and Clang 18.1721

at -O3 produce the same 11 RVV operations in the same722

dataflow order, differing only in register allocation, immediate723

encoding, and strength reductions whose equivalence we prove724

formally (Section V-G). (5) Hardware RTL: correctness of725

the hardware implementation against the Sail ISA spec is out726

of scope (addressed by complementary work such as riscv-727

formal [13]).728

Figure 3 summarizes the verified and unverified portions of729

the full inference pipeline.730

I. Portability and Reuse731

A key design goal is that verifying a new kernel or port-732

ing to a new ISA should require minimal per-task effort.733

The pipeline cleanly separates ISA-agnostic components (S-734

expression parser, per-element decomposer, kernel composer,735

MLIR/LLVM IR parsers) from ISA-specific artifacts (Sail736

model, Isla traces, instruction encodings).737

Recipe: adding a new kernel: Given a new quantized738

integer kernel (e.g., GEMM, depthwise convolution): (1) write739

an MLIR specification (∼20 lines); (2) write a matching740

LLVM IR specification (∼30 lines); (3) encode instructions741



L7: Model correctness

L6: Quantization error

L5: Compiler codegen

L4: Kernel correctness

L3: ISA specification

L2: RTL implementation

L1: Silicon fabrication

ML community

quantization research

GAP (Alive2, ARM-TV)
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Fig. 4. Seven-layer verification landscape for quantized ML inference. L4
(green) is verified by this work. L3 (blue) is the trusted computing base. L5
(dashed) is the primary open gap.

and run isla-footprint (automated); (4) run verification742

(automated). Steps 3–4 are mechanical; steps 1–2 are the only743

per-kernel effort. The Q5 0 and Q8 0 kernels validate this744

recipe: both reuse Q4 0’s traces and infrastructure without745

modification.746

Recipe: porting to a new ISA: The pipeline requires a747

Sail model and Isla for the target ISA. Sail models exist748

for ARMv8-A (NEON), RISC-V, CHERI-MIPS, and x86749

fragments [8]. To port to ARM: (1) replace the Sail IR with750

the ARM model; (2) re-run Isla for ARM traces; (3) adjust the751

LLVM IR spec for ARM instruction selection; (4) MLIR spec,752

parser, decomposer, and composer are unchanged. The MLIR753

specification is ISA-independent by design: it describes what754

the kernel computes, not how. The same MLIR spec serves755

as a cross-ISA golden reference, enabling transitive cross-ISA756

equivalence: if both backends verify against the same spec,757

they are equivalent to each other.758

Cross-ISA proof: RVV × Wasm SIMD128: We demon-759

strate this concretely by verifying the Q8 0 dot prod-760

uct against WebAssembly SIMD128 semantics, axiom-761

atized directly from the W3C specification [14]. The762

Wasm backend uses i16x8.extend_*_i8x16_s (sign-763

extend), i32x4.dot_i16x8_s (widening dot product), and764

i32x4.add (accumulate). We prove three results: (1) an765

overflow lemma showing that for all i8 inputs, multiplying in766

i16 width (MLIR) equals multiplying in i32 width (Wasm),767

since |a · b| ≤ 1282 = 16384 < 215; (2) MLIR spec = Wasm768

SIMD128 composition (UNSAT); and (3) combined with the769

existing RVV proof, transitivity gives RVV = MLIR = Wasm770

for all 2256 inputs. The Wasm verification adds 167 lines of771

Python and completes in <1 s; no Isla trace is needed since772

Wasm semantics are simple enough to axiomatize directly.773

Component reuse summary: Table XII shows reuse scope.774

The top four rows are fully reusable across kernels and ISAs;775

only specs and traces need updating.776

Scope decomposition: Figure 4 and Table XIII decompose777

the full verification space. The contribution is the pipeline—778

each additional kernel, VLEN, or ISA is engineering effort,779

not new research.780

TABLE XII
COMPONENT REUSE. • = AS-IS, ◦ = PARTIAL, — = NEW.

Component New kernel New ISA

S-expr parser + decomposer • •
Kernel composer • •
MLIR / LLVM IR parsers • •
MLIR specification — •
LLVM IR specification — —
Isla traces ◦ (may reuse) —
Sail IR file • —

VLEN portability: The per-element decomposition implies781

VLEN independence: each element’s formula depends only782

on its index and SEW, not on VL or VLEN. We con-783

firm this by generating traces at VL=8 and VL=16 for784

three instruction types (vand.vx, vsrl.vx, vsub.vx)785

and proving all 24 per-element formulas identical (UN-786

SAT). This generalizes our proofs to any VLEN ≥ 128787

(verify_vlen_portable.py).788

VI. RELATED WORK789

Table XIV compares our approach with the most closely790

related work across five dimensions.791

ISA-level verification: Islaris [4] is the closest prior work.792

It verifies machine code against Sail ISA semantics using793

Isla traces and Iris separation logic in Coq, demonstrating794

verification of the pKVM hypervisor on Arm. However, it795

targets systems code with explicit memory reasoning, requires796

interactive theorem proving (Coq proofs), and does not handle797

vector instructions or ML kernels. Our work extends Isla’s798

use from systems code to computational kernel verification,799

achieves full automation via Z3, and handles mixed-SEW RVV800

instructions.801

VeriISLE [15] verifies Cranelift’s instruction selector rules802

against Sail ISA semantics, but operates on individual lowering803

rules rather than composed multi-instruction kernels.804

Compiler translation validation: Alive2 [3] validates LLVM805

IR optimizations via bounded translation validation. It operates806

entirely within LLVM IR and does not extend to machine807

code or ISA specifications. ARM-TV [6] validates LLVM’s808

AArch64 backend, finding 46 miscompilation bugs. It uses809

a hand-written instruction lifter rather than an authoritative810

ISA specification (ASL/Sail) and does not handle SIMD/vector811

instructions or connect to MLIR.812

MLIR verification: MLIR-TV [5] validates MLIR-to-813

MLIR transformations. The First-Class Verification Dialects814

work [12] formalizes all 26 arith operations in SMT and815

found 5 upstream MLIR bugs. Bhat et al. [17] verify SSA816

peephole rewrites in Lean 4. All three stay within the MLIR817

ecosystem without connecting to assembly or ISA specifica-818

tions.819

ML kernel verification: Dubey et al. [16] check equivalence820

of GPU kernels at the PTX level but targets floating-point821

operations and does not use authoritative ISA specifications.822

QVIP [18] verifies robustness properties of quantized neural823



TABLE XIII
SYSTEMATIC DECOMPOSITION OF THE VERIFICATION SPACE. ROWS SHOW VERTICAL LAYERS (MODEL TO SILICON) WITH CONCRETE LLAMA.CPP

ARTIFACTS; COLUMNS SHOW HORIZONTAL CONCERNS WITHIN OUR LAYER (L4). • = DONE, ◦ = AXIOMATIZED.

Dimension Concrete artifact Done Remaining

Vertical layers
L7: Model transformer_forward() Not ours (ML theory)
L6: Quantization quantize_row_q4_0() Not ours (error bounds)
L5: Compiler clang -march=rv64gcv Gap (future work)
L4: Kernel ggml_vec_dot_q4_0_q8_0() This work
L3: ISA spec sail-riscv Sail model Trusted (TCB)
L2: RTL riscv-formal Others
L1: Silicon Fab DRC/LVS Others

L4 horizontal concerns
Integer datapath • (all 10 quant formats + 3 utility) GEMM, softmax
Floating point — Hard (FP theory)
Memory ◦ axiomatized Addr., alignment
Control flow 1 iteration Loops, masks
Concurrency — Very hard

Coverage width
Kernels 13 (all 10 quant fmts + vecadd, ReLU, conv1d) GEMM, softmax
VLEN • portable (VL=8,16 proved identical) —
LMUL 1 2, 4, 8
ISA RISC-V (Sail) + Wasm SIMD128 ARM (ASL), x86

TABLE XIV
COMPARISON WITH RELATED WORK. COLUMNS INDICATE COVERAGE OF KEY DIMENSIONS. • = YES, ◦ = PARTIAL, — = NO.

Work ISA spec Compiler IR Vector Automated ML kernel

Islaris [4] (PLDI’22) • Sail — — ◦ —
Alive2 [3] (PLDI’21) — • LLVM — • —
ARM-TV [6] (OOPSLA’25) ◦ hand-written • LLVM — • —
VeriISLE [15] (ASPLOS’24) • Sail — — • —
MLIR-TV [5] (CAV’22) — • MLIR ◦ • —
Verif. Dialects [12] (PLDI’25) — • MLIR — • —
Volta [16] (arXiv’25) — — • GPU • • FP

This work • Sail • MLIR+LLVM • RVV • • int

networks at the model level, not at the implementation level.824

No prior work formally verifies a quantized ML kernel imple-825

mentation against an ISA specification.826

Verified compilers: CompCert [19] provides an end-to-end827

verified C compiler in Coq but does not support RVV, MLIR,828

or quantized ML workloads. Vellvm [20] formalizes LLVM829

IR semantics in Coq without extending to assembly or ISA830

models.831

Hardware verification: ISA-Formal verifies ARM processor832

RTL against the ASL specification using bounded model833

checking. The complementary riscv-formal project performs834

similar RTL-vs-spec checking for RISC-V cores using Sail835

models as the reference [13]. These efforts verify hardware836

correctness: that the processor implements the ISA spec-837

ification. Our work verifies software correctness: that the838

kernel program computes the intended function per the ISA839

specification. Together, the two directions would provide full-840

stack assurance from compiler IR to silicon.841

Symbolic execution scalability: Path explosion is a funda-842

mental challenge in symbolic execution [10]. SIMD and vector843

instructions exacerbate the problem: each vector element can844

introduce independent branches, and masked operations create845

2V L execution paths. Isla [10] addresses path explosion for846

scalar instructions through careful SMT encoding but does847

not discuss vector-specific mitigations. Islaris [4] tames Isla848

trace complexity via Iris separation logic in Coq, an effective849

but manual approach unsuited to the repetitive per-element850

structure of vector computations. QVIP [18] verifies quantized851

neural networks but operates at the model level, avoiding852

ISA-level path explosion entirely. To our knowledge, no prior853

work has specifically addressed the scalability of symbolic854

execution for SIMD or vector ISA instructions. Our per-855

element AST decomposition and mask decomposition (Sec-856

tion III-G) are domain-specific techniques that exploit the857

regular, lane-parallel structure of vector operations to reduce858

solver complexity from minutes to under one second.859

Summary: Our work is the first to span compiler IR to860

ISA formal specification for computational kernels. It is the861

first to use Isla traces for kernel verification (as opposed to862

systems code), the first to formally verify quantized ML kernel863



implementations, and the first to perform kernel-level formal864

verification against the Sail RVV model. Additionally, the865

MLIR specification layer provides a path toward cross-ISA866

portability: the same vector+arith dialect spec can serve867

as the reference for verifying implementations on different868

ISAs, requiring only new Isla traces per target (Section V-I).869

The comparison in Table XIV shows that no prior work covers870

all five dimensions simultaneously.871

VII. CONCLUSION872

We presented a three-layer formal verification pipeline873

that proves equivalence from MLIR compiler IR through874

LLVM IR to ISA-level semantics derived from the Sail875

RISC-V formal model. Applied to thirteen kernels covering876

all ten llama.cpp quantization formats (Q4 0, Q4 1, Q5 0,877

Q5 1, Q8 0, Q2 K–Q6 K) plus vector addition, ReLU, and878

1D convolution—all layers are verified as UNSAT for all879

possible inputs, completing in under 30 seconds total. We880

additionally proved VLEN portability: per-element formulas881

are identical across vector lengths.882

Beyond the pipeline itself, we solved three scalability883

challenges inherent to vector ISA symbolic execution: mono-884

lithic 256-bit formulas (per-element AST decomposition,885

>10 min → <1 s), masked instruction path explosion (2V L
886

paths → 3 independent lemmas), and multi-instruction com-887

position (O(n) via Z3 substitution). These techniques are not888

RISC-V-specific and apply to any SIMD ISA with a Sail889

model.890

The pipeline is designed for reuse: adding a new kernel891

requires only MLIR and LLVM IR specification files (∼50892

lines total); porting to a new ISA requires replacing the Sail893

model and regenerating traces. The same MLIR specification894

serves as a cross-ISA golden reference, enabling transitive895

equivalence between backends verified against it.896

The key insight is that quantized integer ML inference897

is a sweet spot for formal verification: the computation is898

pure bitvector arithmetic with no floating-point, no dynamic899

memory allocation, and no control-flow divergence within900

the vector datapath. This makes SMT-based verification both901

tractable and complete—a property that does not hold for902

floating-point ML workloads.903

Future work: Three directions are particularly promising.904

First, closing the compiler codegen gap (L5): proving that905

LLVM’s RVV backend correctly translates LLVM IR to the906

assembly sequence we verify. This is closely related to ARM-907

TV’s approach [6], but using Sail rather than a hand-written908

lifter; our Isla traces could serve as the ISA-side specification909

for such a translation validator. Second, extending beyond910

integer datapaths to floating-point scale factors and memory911

address verification. Third, extending cross-ISA verification912

(demonstrated here for Wasm SIMD128) to ARM SVE and913

other SIMD ISAs with Sail models.914

Artifact: All source code, Isla traces, and verification scripts915

(6,028 lines of Python + 2,012 lines of Rust) are available at:916

https://github.com/yiidtw/rvs917
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APPENDIX986

SUPPLEMENTARY MATERIAL987

The following appendices provide hand-traced walk-988

throughs and reproducibility instructions. They are not part of989

the 9-page body and are included as supplementary material.990

We trace a concrete example through all three layers to991

validate the pipeline’s claims.992

Setup: Two Q8 0 input vectors, 4 elements each (simplified993

from VL=16):994

a = [2,−3, 1,−1] (int8)
b = [4, 2,−5, 3] (int8)

MLIR spec (Layer 1): Sign-extend to i16, multiply, reduce:995

prod = [2× 4, (−3)× 2, 1× (−5), (−1)× 3]

= [8,−6,−5,−3] (int16)
result = 8 + (−6) + (−5) + (−3) = −6 (int32)

LLVM IR (Layer 1 check): Identical operations (sext,996

mul, reduce.add) ⇒ same result: −6. ✓997

RVV assembly (Layer 2):998

1) vwmul.vv v4,v1,v2: widening multiply 8 → 16999

bits. Isla trace sign-extends each 8-bit operand to1000

16 bits and multiplies: sext16(ai) × sext16(bi) =1001

[8,−6,−5,−3].1002

2) vwredsum.vs v6,v4,v6: widening reduction 16 →1003

32 bits. Isla trace sums all elements with sign extension:1004

sext32(8)+sext32(−6)+sext32(−5)+sext32(−3) = −6.1005

Result: −6. Matches MLIR/LLVM IR. ✓1006

Verification: Z3 asserts MLIR ̸= Isla, gets UNSAT ⇒1007

equivalent for all inputs, not just this example.1008

Artifact package: Download the self-contained artifact1009

from the GitHub release or Zenodo. Extract and cd1010

rvs-artifact/. The package includes pre-generated Isla1011

traces, all Python scripts, MLIR/LLVM IR specs, and the Isla1012

binary. All commands in Appendices A–A can be executed1013

directly.1014

Prerequisites: Python 3.10+, z3-solver (pip1015

install z3-solver).1016

One-command verification:1017
cd rvs/1018

# Basic + asymmetric formats1019

python3 verify_three_layer.py # Q4_01020

python3 verify_three_layer_q4_1.py # Q4_11021

python3 verify_three_layer_q5.py # Q5_01022

python3 verify_three_layer_q5_1.py # Q5_11023

python3 verify_three_layer_q8.py # Q8_01024

# K-quant formats1025

python3 verify_three_layer_q4_k.py # Q4_K1026

python3 verify_three_layer_q5_k.py # Q5_K1027

python3 verify_three_layer_q6_k.py # Q6_K1028

python3 verify_three_layer_q3_k.py # Q3_K1029

python3 verify_three_layer_q2_k.py # Q2_K1030

# Utility kernels1031

python3 verify_three_layer_conv1d.py # Conv1D1032

python3 verify_vecadd.py # VecAdd1033

python3 verify_vlen_portable.py # VLEN portable1034

python3 verify_q4_0_auto.py # per-instr1035

# Or via Rust CLI:1036

cd tool && cargo run --release -- ../kernels/*.toml10371038

Expected output:1039
VERDICT: ALL THREE LAYERS VERIFIED1040

Q4_0: 0.13s, Q8_0: 0.10s, per-instr: 20.6s1041

All proofs: UNSAT10421043

LOC breakdown:

Module Lines

isla_trace.py (parser + composer) 940
mlir_spec.py (MLIR parser) 174
llvm_ir_spec.py (LLVM IR parser) 186
verify_three_layer*.py (13 kernels) 2,782
verify_vlen_portable.py 157
verify_q4_0_auto.py (per-instr) 215
rvv_encode.py (encoder) 118
rvs.py (declarative framework) 186

Total (Python) 3,714
tool/ (Rust CLI) 2,012

1044

We trace a concrete Q4 0 example through all 6 com-1045

putational instructions to validate the pipeline and provide1046

a hand-checkable reference. The kernel under verification1047

is ggml_vec_dot_q4_0_q8_0 from llama.cpp (commit1048

05728db).1049

Setup: Consider a single packed Q4 0 byte x_qs[0]1050

= 0xA7 and two Q8 0 activation values y_lo[0] = 3,1051

y_hi[0] = -2 (both int8). The packed byte contains two1052

4-bit nibbles: low nibble = 0xA7 & 0x0F = 7, high nibble1053

= 0xA7 ≫ 4 = 10.1054

Step-by-step trace (element 0 only):1055

1) vand.vx v4,v1,a3 (nibble mask, a3=0x0F):1056

v4[0] = 0xA7& 0x0F = 7 (uint8)1057

2) vsrl.vx v5,v1,a4 (nibble shift, a4=4):1058

v5[0] = 0xA7 ≫ 4 = 10 (uint8)1059

3) vsub.vx v6,v4,a5 (bias subtract, a5=8):1060

v6[0] = 7−8 = −1 (int8, two’s complement: 0xFF)1061

4) vsub.vx v7,v5,a5 (bias subtract):1062

v7[0] = 10− 8 = 2 (int8)1063

5) vwmul.vv v8,v6,v2 (widening multiply, 8 → 16 bits):1064

v8[0] = sext16(−1)× sext16(3) = −3 (int16)1065

6) vwmacc.vv v8,v7,v3 (widening MAC, accumulates into1066

v8):1067

v8[0] = −3+sext16(2)×sext16(−2) = −3+(−4) = −71068

(int16)1069

After processing all 16 elements, vwredsum.vs re-1070

duces: sumi =
∑15

i=0 sext32(v8[i]). For this single element:1071

sext32(−7) = −7.1072

Isla trace formula: The auto-parsed Isla formula for ele-1073

ment 0 after composition is:1074

sext16
(
(0xA7&0x0F−8)·3

)
+sext16

(
(0xA7 ≫ 4−8)·(−2)

)
= −3+(−4) = −7

This matches the hand calculation. ✓1075

Verification: Z3 asserts MLIR ̸= Isla, gets UNSAT ⇒1076

equivalent for all inputs, not just this example. The full proof1077

covers 2384 possible input combinations (16 packed bytes ×1078

32 activation bytes).1079

Scope of this proof: Table XV summarizes what is and is1080

not verified.1081



TABLE XV
VERIFICATION SCOPE FOR THE Q4 0 KERNEL.

Concern Status Note

Integer datapath • Verified All 2384 inputs
FP16 scale multiply Not verified Applied once per block
Memory loads Axiomatized Fresh symbolic values
Loop iteration 1 block only Full loop = future
vsetvli • Verified All 264 AVL values
Compiler codegen Not verified L5 gap

To demonstrate pipeline generality, we verify vector1082

ReLU—a single-instruction kernel. Reproduce: python31083

experiments/appendix_d_relu.py.1084

Kernel: Element-wise ReLU on 16 signed 8-bit integers:1085

ReLU(x)i = max(xi, 0). Assembly: vmax.vx v4, v1,1086

x0 (SEW=8, VL=16).1087

Step 1: Specification:1088
x_i = Extract(i*8+7, i*8, vr1)1089

spec_i = If(x_i >= 0, x_i, BitVecVal(0, 8))10901091

Step 2: Isla trace: isla-footprint -A rv64v.ir1092

-C riscv64v.toml -x -i "5742101e" -s1093

--verbose produces a 182-line trace. Inputs: vr1,1094

vr4. Output: vr4.1095

Step 3–4: Decompose and verify: 16 independent 8-bit1096

elements, all UNSAT in 0.11 s. Covers all 2128 inputs.1097

Higher-level specs: MLIR: arith.maxsi. LLVM IR:1098

icmp sgt + select. Both close the three-layer chain.1099

Recipe: (1) Encode assembly. (2) Run Isla. (3) Write 5-line1100

Z3 spec. (4) Auto-verify. <1 minute human effort, 0.1 s solver1101

time.1102

We demonstrate bug catching, not just cor-1103

rectness confirmation. Reproduce: python31104

experiments/appendix_e_bugfind.py.1105

Setup: Q4 0 extracts high nibble via vsrl.vx1106

v5,v1,a4 with a4=4. Bug: compiler emits shift-by-3.1107

Correct spec: With a4=4: 16/16 elements UNSAT.1108

Buggy spec: With a4=3 against the same correct Isla trace:1109

1110
Element 0: SAT -- v1[0]=0x80, correct=0x08, buggy=0x101111

Result: 16/16 SAT -- bug detected in ALL elements11121113

Impact: Shift-by-3 extracts bits [7:3] (5-bit, 0–31) instead1114

of [7:4] (4-bit, 0–15). After bias subtraction: range [−8, 23]1115

instead of [−8, 7]—silent precision corruption.1116

An ISA designer verifies a new instruction1117

end-to-end in <1 s. Reproduce: python31118

experiments/appendix_f_new_insn.py.1119

Instruction: vor.vx v4,v1,a3 (bitwise OR with1120

scalar). Encoding: 57c2162a.1121

Trace and decomposition: 169-line trace. Per-element:1122

trace[i] = Extract(8i+7, 8i,vr1)|Extract(7, 0,x13).1123

RVV spec: spec[i] = vs2[i] | rs1[7:0].1124

Result: 16/16 UNSAT in 0.01 s. Covers all 2320 inputs. No1125

manual SMT translation.1126
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