Lawrence Berkeley National Laboratory
LBL Publications

Title
Towards a Verifiable Domain-Specific Language for Hardware-Accelerated Stencils

Permalink
btt_ps://escholarship.orq/uc/item/550472k4|

Authors
Rouson, Damian
Yang, Xaokun

Publication Date
2026-07-21

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, available at

bttgs:cheativecommons.orgglicensesgb¥44.04

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/550472k4
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

M Towards a Verifiable Domam -Specific Language for Hardwar

e-Accelerated Stencils chl

(reeeee "" Oyt 410
BERKELEY L AB ' Damian Rouson! and Xaokun Yang? University of Houston
I.awrence Berkeley National Laboratory, 2University of Houston - Clear Lake Clear Lake

Results

Software Framework

Abstract Stencil Taxonomy

Defining a domain-specific language We classity stencil algorithms according to the following properties:
(DSL) that supports vector-calculus
abstractions eases the porting of

artial differential equation (PDE =
P il equation (PDE) ) . . . . . ///(J.Vf)dwr// (fv.ﬁ)dvzf f7-dA
solvers to specialized architectures. b. 2D Stencils, e.g., 5-point or 9-point stencils on a Cartesian grid. v v A
" ” - " . . . . . =« |\iiint_V (\vec{v} \cdot \nabla f) dV + \iiint_V (f \nabla \cdot \vec{v}) dV = \iint_A f \vec{v} \cdot d\vec{A}
Sufficiently high-level abstrac.:tlons c. 3D Stencils: e.g., 7-point, 19-point, or 27-point stencils. .
empower users to express universal ) i

laws with sufficient generality that
the laws must always hold true within | | 2. By Radius and Size: Radius 72 How far the stencil reaches from the

Stencil Core Simulation and Synthesis

[ ] [ ] [ ]
1 .By Dimensionality: oo Lo
alexli-
4  Mb_scfu_dual/ ix 0T
4  Mb_scfu_dual/ iy 0.T_1
4 Mb_scju_dual/ iz 0.T_1
4 Mb_scfu_dual/_ix_1_T
4 b_scfu_dual/ iy_1.T_1
4 Mb_scju_dual/ iz_1.T_1
4 b_scju_dualjvalid_vec_0
4 Jtb_scfu_dualjvalid_vec_1
0-“. tb_sc/u_dual/fcore_1/scs_0/... g
0-“a tb_scfu_dual/core_1/scs_1/... |-722....
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a. 1D Stencils, €.Q., {Ui-1, Wi Ui+1};
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d. nD Stencils, e.g., higher-dimensional or phase-space methods. Fontsize: 3600t Color: D LaToX

formal — vim tmp.f90 — 64x10

h o . S . . . . * ] . . ' 8x8x7 13,779 18,735 404 (1.524 0.599 1.451 11,633
their domain of validity. A broad central point; Radius-1: only immediate neighbors; Radius-2: includes % fpm run —example extended-gauss-divergence — e
class of PDE solvers employgstencfll- next-nearest neighbors. Size: Total number of points used. E.g., a 2D 5- T T IR ———— NSl 45274 19,183 56 395(1468) 0610 3381 11,704
based algonthms, the target domain p()int stencil has size 5) radius 1. Vi | <--— vector function Neme T ko om0 oooo0 ey @anioncoman | (mam e 600 Synthesis results (AMD {

.8SS. (v .dot. .grad. f) * dV = ©.33333333302059365 Noobkdulon | ol il el ael ves| el sl
.SSS. ( f *x .div. v) * dV = 0.16666666739857122 -
. (v .dot. dA)) = -0.50000000041916492

Ultrascale+ ZCU 106)

n0_fifo2 (FIFO_ 96 36 0 0

of Berkeley Lab's stencil accelerator
chip co-design project. First released
as open-source 1n January 2026, the
Formal software framework lays a
foundation for defining an embedded
DSL based on composable operators

3. By Shape/Geometry: Cross/Star Stencil (e.g., 5-point in 2D): center +
cardinal directions. Box/Full Grid Stencil (e.g., 9-point in 2D, 27-point 1n | :
3D): includes diagonals; Diamond or Hexagonal Stencil: used on non- _ e'%%e%%%eg?ge (resmual,)\ll
Cartesian or hexagonal meshes; Irregular/Adaptive Stencils: used in .
adaptive mesh refinement (AMR), unstructured grids, or meshless methods
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that implement mimetic numerical 4. By Order of Accuracy: Iirst-Order: low accuracy, but often more Figure 1. The Formal framework (https://go.Ibl.cov/formal) defines mimetic — —
methods -- stencil algorithms that stable. Second-Order: e.g., classic central difference. Higher-Order: fourth- software abstractions, i.e., types and operators that mimic the continuous integral and B
guarantee satisfaction of discrete order, sixth-order, compact stencils require more neighbors and ditferential operators of vector calculus. Formal supports these abstractions with the
versions of important vector calculus sophisticated coefhcients. discrete calculus of Corbino & CGastillo [1] and Dumett & Castillo [2]
theorems. 5. By Temporal Behavior: Explicit Stencils: value depends only on the . . | | |
| current or past time step. Implicit Stencils: require solving linear systems [1] Gorbino, J., & Castillo, J. (2020). Journal of Computational and Applied Mathematics,
T'he Formal DSL will be the tront- (e.g., Grank—Nicolson). Mulustep/Multistage Schemes: e.g., Runge-Kutta 504, 112326. . . .
end to a new class of stencil-PDE with spatial stencils. [2] Dumett, M..& C.astlllo,J. (2022) Computational Science Research CGenter, San
accelerators developed jointly by 6. By Application Domain Common Stencil Type Diego State University, Zech. Rep. CSRCR2022-2.

LBNL, UHCL, and UC Berkeley Figure 2. A Taylor-Green vortex velocity field (left) and passive scalar concentration
through the DOE Competitive Heat Equation 5-point or 7-point diffusion stencils Hardware AC Celefati()n mitial (middle) and final (right) states computed with Formal mimetic methods ot 4th-

Porttolios for Computer Science order accuracy 1n space and time to approximate the scalar advection/dittusion PDE:

Project. 'T'his ofters the potential of Wave Equation 3-point (1n time) + 5/7/9-point spatial _ _ L
an order of magnitude acceleration Fluid D s Stencils on Structured Grid Os/0t =V - (DVs) =V - (Us)

L. ul namics (e.g. . . . : : : .
for this important category of Navier}étokes) 5 cell grid stencils, staggered stencils . simplest derivation of Laplacian eparator in a 7-point stencil . . / which a Formal repository example expresses with Formal types and operators as:
computational methods to serve the Uy z.t+1) = alpha*u(xy 2.0) + beta™ 4 Y yaw
DOE mission. . u(x,y,z-1,t) + u(x,y-1,z,t) + u(x-1,y,z,t) + | ds dt = .div. (D * .grad. s) - .div. (v * s8)

C e Ful Godunov method, PPM reconstruction, u(x+1,y,zt) + u(xy+1,z1) + u(xy,z+1.) T _ °]
Fut I the F | DSL, will QIRTIRIRESRIONS JDIDALEN approximate Riemann solver @ Parameterized accelerator design generation < — < —— < —
uturé¢ work o1l C rorma W1 *  Chisel -> Verilog code generator. ‘X]
facilitate software verification via *  Dimensions (x-y-z), radius (r), points (7), o O QL)) Coee O Imp acCt F uturce Or k
type-safe templates that enable Electromagnetics (FD'TD)  Yee stencil (curl-based) © PEnumber (k) fime steps (5). XY+(1 143 Ox(l () (X/3 OxCl SN Om1
Precisions (bw), pipeline depth (10-13) . .. . . . .
problem-specific correctness proofs et mein(args: Array[String]): Uni = { Crme O 6 ) Cons O e Finalizing LightSolver/ LBNL Generic programming with enforceable
relying upon generic function theory Quantum Mechanics High-order Laplacians CHEEL - % CRADA to study accelerating LBNI.’s type-satety requirements will tacilitate
: A ' erio é%% &%% . :
and caretully crafted unit tests. e —— som_dgl_com // Ci\\Stencil_acceler FPGAASE P E?r}rlngl’l(]h?ril?ofl aII;d AM,RE%OI} * Defining an embedded DSL via Fortran
: : * val add pd - 13 input clock, // C:\\Stencil_acceler atorms - : .
Image Processing Sobel, Gaussian, Laplacian filters Ziii’ S Ly T C\stenci)scceler ) won || Single Core: The 1ightsolver's Laght Frocessing Unit 2028 templates already supported in the
, U.S. DEPARTMENT OF e EZ L e E]] i‘::i:;.fgi?fgi”x gzxiinigi - Leneadbji%ugfr':”:fzséd e Collaborating with San Diego State DOE-funded LFortran compiler
4 E N E RGY /. By Grid Topology: Block-Structured Grid Stencils: regular, including iki$ e () et A S 1] €S stencil computations. University (SDSU) on positioning (https://lfortran.org)
4 ; . B S ) mkstringCo3 | | - Formal as an alternative to SDSU’s - -
patch-based adaptively refined; Unstructured Grid Stencils: require indirect S12.printin(cinct stage.Chisel5toge. enitsystenverilog(nay S00A dual_core(biy K,y 12, mult_od;add_od;points, tine_steps)) , e Problem-specific formal correctness
_ _ : , : - MOLE C++/MATLAB library .
Office of Science addressing. Meshless Methods: use kernel-based or point cloud stencils. } proofs

gorithm-Driven Codesign of Specialized Architectures for Energy Efficient HPC
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