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Abstract—The increasing power densities and intricate heat
dissipation paths in advanced 2.5D/3D chiplet systems necessitate
thermal modeling frameworks that deliver detailed thermal maps
with high computational efficiency. Traditional compact thermal
models (CTMs) often struggle to scale with the complexity and
heterogeneity of modern architectures. This work introduces 3D-
ICE 4.0%, designed for heterogeneous chip-based systems. Key
innovations include: (i) preservation of material heterogeneity
and anisotropy directly from industrial layouts, integrated with
OpenMP and SuperLU MT-based parallel solvers for scalable
performance, (ii) adaptive vertical layer partitioning to accurately
model vertical heat conduction, and (iii) temperature-aware non-
uniform grid generation. The results with different benchmarks
demonstrate that 3D-ICE 4.0 achieves speedups ranging from
3.61x-6.46x over state-of-the-art tools, while reducing grid
complexity by more than 23.3% without compromising accuracy.
Compared to the commercial software COMSOL, 3D-ICE 4.0
effectively captures both lateral and vertical heat flows, validating
its precision and robustness. These advances demonstrate that 3D-
ICE 4.0 is an efficient solution for thermal modeling in emerging
heterogeneous 2.5D/3D integrated systems.

Index Terms—Thermal modeling, 2.5D/3D integration, chiplet
systems, adaptive algorithm, non-uniform, parallel acceleration

I. INTRODUCTION

The explosive growth of compute-intensive workloads, from
high-performance computing (HPC) to large language models
(LLMs), has pushed chip power densities to unprecedented
levels. Modern Al and HPC accelerators routinely dissipate
hundreds of watts per package [1], and multi-kilowatt servers
concentrate substantial heat fluxes that, if not modeled and ap-
propriately managed, can accelerate wear-out or trigger thermal
throttling, ultimately degrading throughput [2], [3]. Tempera-
ture has therefore become a first-order design constraint on par
with performance and power [4], requiring thermal models that
can accurately predict full-chip temperature distributions under
realistic and time-varying workloads.

Advanced 2.5D/3D heterogeneous integration (e.g., chiplet-
based system-in-package or High Bandwidth Memory (HBM)
stacked on logic dies) offers a promising way to scale compute
and bandwidth beyond monolithic designs. However, these
packaging approaches introduce complex heat flow paths [5],
lateral and vertical thermal coupling across heterogeneous
materials (such as active silicon, interposer, underfill, micro-
bumps, and through-silicon via (TSV) arrays), creating multi-
scale paths with significant anisotropic characteristics [6].
Hotspots in one die can increase the temperatures in neigh-
boring dies. For example, in a tightly integrated 2.5D Graphics
Processing Unit (GPU) system, the heat from a high-power
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die can raise the temperature of a neighboring HBM stack
enough to induce a four-fold increase in the refresh rate [7],
significantly reducing the throughput of the system. These
realities require more detailed and accurate thermal models
spatially and temporally to capture localized hotspots and
thermal crosstalk in such complex architectures [4], [8].

Thermal analysis faces a non-trivial trade-off between accu-
racy and efficiency. Finite element methods (FEM) can accu-
rately capture detailed heat conduction but are computationally
and memory intensive, often requiring prohibitive costs for
large-scale designs [9]. Compact thermal models (CTMs) based
on equivalent thermal RC network (e.g., Hotspot [10], 3D-
ICE [11], PACT [8]) run orders of magnitude faster than FEM
and are widely used for thermal modeling and design-space
exploration [12]. However, this speed often comes at the cost
of fidelity. Current CTMs have three common limitations: 1)
reliance on coarse grids and homogenized materials and the
difficulty of ingesting detailed, anisotropic geometries from
industrial layouts (e.g., GDSII) into RC networks-which can
misestimate on-die temperature gradients and hotspot mag-
nitudes; 2) the use of a layer-based model with a division
of one layer for each functional component, which can be
insufficient to capture accurate cross-layer heat flow; and 3) the
use of global uniform grids for simplicity, which either under-
resolves hotspot regions or over-resolves other regions, yielding
a suboptimal accuracy—efficiency trade-off as die size or layer
count increase. Although 3D-ICE 3.1 supports non-uniform
grids [3], a thermal-aware grid size selection strategy remains
unexplored, which means users need to assign grid sizes to
each region manually based on domain knowledge, which
can be suboptimal for complex floorplans. Therefore, a fine-
grained CTM that preserves detailed geometry and material-
aware lateral and vertical conduction in 2.5D/3D heterogeneous
systems while remaining computationally efficient is needed.

Based on these challenges and requirements, we present 3D-
ICE 4.0, an open-sourced” framework and the key contributions
include:

o Fine-detail layout and anisotropy-aware modeling:
An interface that automatically builds detailed models
from industrial layout files, retaining detailed material
distributions and anisotropic properties to enable accurate
prediction of localized hotspots and cross-die interactions.
Meanwhile, OpenMP [13]-based thermal matrix construc-
tion and a multi-threaded solver (SuperLU MT [14]) are
used for rapid steady-state and transient thermal simulation



TABLE |
COMPARISON OF REPRESENTATIVE COMPACT THERMAL MODELS.

Geometry construction Grid generation Solution
) ) .| Adaptive Tayer Non-uniform Thermal- Parallel
Thermal models | Heterogeneous Anisotropic  Automatic division grids aware grids | acceleration
Hotspot 7.0 [10] 3
3D-ICE 3.1 [3] 3
PACT [8] 3 3
MFIT [9] 3 3 3 3
ARTSIm 2.0 [22] 3 3 3
3D-ICE 4.0 3 3 3 3 3 3 3
for large-scale chip models. short in: 1) fast modeling of ne-detail heterogeneous layout, 2)

Adaptive layer division: A strategy that subdivides layers accurate modeling of vertical heat ows, and 3) clear policies for
with high vertical thermal resistance to better resolveon-uniform grids. The comparison of different representative
cross-layer heat ow, improving accuracy for multilayetCTMs is summarized in Table 1.
2.5D/3D chiplet systems.
Temperature-aware non-uniform grids: A local grid Ill. 3D-ICE 4.0 FRAMEWORK
re nement method that concentrates resolution in thermal The typical CTM work ow (e.g., 3D-ICE 3.1) is shown
critical regions to capture ne-grained heat ow variationsin Fig. 1, and the new or updated stages in 3D-ICE 4.0 are
which can achieve a target error with far fewer grids thafighlighted in orange. After parsing the inputs (a), various
uniform meshes, improving simulation ef ciency. components and a multilayer stack are built (b.1 and b.2). The
stack is discretized into grids to obtain an RC network (b.3),
which is transformed into a sparse linear system for steady-
Thermal modeling for 2.5D/3D chiplet systems spans thregate or transient analysis (¢ and d). Unlike prior CTMs, 3D-
main families [15]: (i) analytical/Green's function methods, (ii)CE 4.0 supports heterogeneous and anisotropic materials, and
numerical methods (e.g., FEM and CTMs), and (iii) Machingirectly imports detailed material distributions from industrial
Learning (ML) methods. Green's function approaches precomayout les (b.1.1). To better capture complex cross-layer heat
pute the system's impulse responses and obtain temperatai@in 2.5D/3D chiplet systems, we introduce an adaptive layer
via convolution between Green's function and power mapgivision strategy (b.2.1). In addition, a thermal-aware local grid
enabling rapid evaluations for xed stacks [16]. Howevere nement (b.3.1) is employed to achieve a better trade-off
changes in geometry, materials, or boundary conditions tygetween accuracy and ef ciency.
ically require recomputation of Green's function. FEM, as Pro ling shows that RC matrix assembly and sparse linear
implemented in commercial software such as Ansys [17] agdlutions dominate the runtime for CTMs and limit the scala-
COMSOL [18], can offer high precision for complex structuresility of detailed large-scale models. We address this bottleneck
and is often treated as reference solutions, but their runtith OpenMP-based parallelized assembly [13] and a high-
and memory costs limit rapid design space exploration apérformance sparse solver SuperLU MT [14]. We will detail

runtime thermal management. CTMs [10], [11] approximatge novelties and functionalities of 3D-ICE 4.0 in the following
heat ow with equivalent thermal RC networks and are widelgubsections.

used for early design [12] and thermal management [3] due
to orders-of-magnitude speedups over FEM [9]. Recent works
also explore ML surrogates for fast temperature prediction, such
as convolutional neural networks (CNNSs) [19], graph neural
networks (GNNs) [20], and physics-informed neural networks
(PINNSs) [21]. ML methods typically require extensive training
data generated by FEM or CTMs, and struggle to generalize
to unseen architectures [20]. Consequently, CTMs remain a
practical and reliable choice for thermal analysis of chiplé&i9.- 1. Workow of compact thermal modeling framework. Newly
systems. added/updated stages in 3D-ICE 4.0 are highlighted in orange.

Hotspot [10] pioneered RC-network-based CTMs for early- ) ) ]
stage thermal analysis. To improve exibility and ef ciency,A- Model generation with detailed layouts
3D-ICE 3.1 [11] and ARTSim 2.0 [22] introduce non-uniform Accurate thermal simulation requires models that preserve
grids. As simulated systems become increasingly complicatélge spatial heterogeneity of materials and layouts. In many
PACT [8] integrates a parallel SPICE solver to accelerate ngrior CTMs [10], [11], complex layers are approximated by
grained thermal simulations. Similarly, MFIT [9] and ARTSiman effective medium calculated from the volume fractions
2.0 [22] use sparse linear algebra BLAS libraries and Pythof the constituent materials. To quantify the impact of this
libraries SciPy and NumPy to speed up sparse solves, respanipli cation, we model a 4-chiplet system in 3D-ICE 3.1
tively. Despite these advancements, prior CTMs generally falsing homogenized layers, and the predicted hotspot is 390.15

Il. RELATED WORK



K, as shown in Fig. 2 (a). In contrast, when the detaileilgorithm 1 Tile generation with quadtree-based subdivision
distribution of the material is retained, the hotspot increast¥puts: gds, layer, iax, icon
to 394.22 K, as presented in Fig. 2 (b). This discrepan@utput: tiles (list of (position, size, ))
underscores the importance of modeling detailed layouts. 1: S READGDS(gds; layer)
22 M MERGE(S)
3: | BuiLDINDEX(M) . R-tree over merged polygons
4. R MAKEWINDOW(M) . bounding region
5: tiles SuBDIVIDE(l; R;i;i max ; 1 con)
6: return tiles

7: function SUBDIVIDE(I; R; ;i max ;icon)

Fig. 2. Thermal map for a 4-chiplet system with (a) abstract homogeneous: C CANDIDATES(I;R) . query R-tree
model, (b) heterogeneous model with detailed material distribution. o: Ao,y OVERLAPAREA(R;C), A o=AREA(R)
10: if Satisfy (icon) OF i | max then
The manual construction of an RC network that preservés: tiles (R;)
ne-detail material distributions is laborious and error-pronel2: else
We automate this step by directly importing material layoutss: (R1;R2;R3;R4) SPLITQUAD(R)
from industry design les (e.g., GDSII les). Two challenges14: forr2fR 1;R2;R3;R4g do
exist: i) CTMs typically assume rectangular tiles to describgs: SUBDIVIDE(l; 17 i+1; 1 max ; icon)
the oorplan, whereas real designs contain irregular geometries: end for

and ii) GDSII layers often include overlapping objects spanninty: ~ end if
disparate length scales. Our framework addresses these issigesnd function
by i) incorporating equivalent models for irregular shapes [6],

[23]; and ii) applying an adaptive and layout-aware tiling

scheme. The extraction pipeline partitions each layer into non-

overlapping tiles, computes each tile's intersection area with the

polygons and paths in the GDSII layout, and then generates

anisotropic per-tile equivalent models for subsequent thermal

simulation.

A quadtree_based t|||ng strategy (A|gor|thm 1) automat@. 3. Extraction of‘detailed material diStI’!bUtiOﬂ, (a) GDS” layout of one
tile generation from layout geometry. The inputs include tHayer (b) generated tiles, (c) overlapped ratio for each tile.
GDS le, target layer, maximum recursion depth.£i ), and a
stopping condition @on ). All layer .primitives (e.g., p.olygons., B. Adaptive layer division
paths/FlexPaths) are rst polygonized and merged into disjoint
Shapes via geometric union (line 2), then indexed with an R_Vertical heat ow in 2.5D/3D heterogeneous Chlplet SyStemS
tree built on their bounding boxes to accelerate spatial queriés highly nonuniform and sensitive to material and geometric
The initial domain is the bounding box of the merged shapé§tails [24]. Conventional CTMs often align simulation layers
(line 4), and we invoke the recursive SusDIVIDE function. A(RC network layers) one-to-one with functional layers. This
each quadtree node, we query the R-tree for candidate Shdy@g;tice can induce large contrasts in vertical thermal resis-
that intersect the current region (line 8), compute the overlfgces, where layers with high thermal resistance accumulate
ratio , and evaluate the stopping rule (line 10). If the criterioflisproportionate temperature gradients and can not re ect the
is satis ed, one tile record including position, size, and , igiccurate inter-layer temperature pro le [25].
emitted to the tile list; otherwise, the region is subdivided To alleviate this problem, we introduce an adaptive layer
into four quadrants and processed recursively (lines 13-18}vision strategy during model construction, based on vertical
The delity can be adjusted exibly by jax and ion. For thermal resistance. For layer j with;Noorplan elements, the
a complex layout in Fig. 3 (a), the resulting tile partition andertical resistance of element i is’/R=h;=(kj; Aj;i ), where
associated map are shown in Fig. 3 (b) and (c), which cdh is the layer thickness,ﬁk is the equivalent vertical thermal
be used to generate the detailed heterogeneous and anisotre@igluctivity, and A is the area. The layer's equivalent vertical
model for the layer. The accuracy of the built model is va|idater$sistance is the parallel combination of each elemeht=R
in Section IV-B. ihii = bowe quantify heterogeneity across an n-layer

To accelerate simulations with detailed material distributionstack by"'the variance
3D-ICE 4.0 parallelizes RC matrix assembly with OpenMP [13]
and uses SuperLU MT [14] for multi-thread preordering, factor- Var R? = R? R? 1)
ization, and solution. As shown in Section IV-A, our framework
can achieve a higher parallel ef ciency than the SPICE-based
solver in PACT [8]. whereR? is the mean vertical resistance.




Fig. 5. (a) Temperature map from 3D-ICE 4.0 with a uniform 256 256 grid,
(b) the absolute difference map between 3D-ICE 4.0 and PACT.

IV. EXPERIMENTAL RESULTS

In this section, three validation examples are provided to
evaluate the accuracy and ef ciency improvement of 3D-ICE
4.0. All simulations run on a server with two AMD EPYC 9734
CPUs and 1.0-TB DDR5 memory, under Ubuntu 24.04.

Fig. 4. Work ow of the generation of thermal-aware non-uniform grids anﬂa\' Casel: Accuracy and ef ciency validation

simulation. To validate the accuracy of our framework, we reproduce the

example of the state-of-the-art parallel compact thermal model
Layers that dominate VaR”  or exhibit large ¥ are iter- PACT [8], using a uniform 256 256 grid. Fig. 5 (a) shows

atively subdivided into multiple simulation sublayers, reducintiie steady-state temperature map produced by 3D-ICE 4.0, and

and redistributing the per-layer vertical resistance. Iteratidrig. 5 (b) shows the absolute difference with respect to PACT.

stops when the variance falls below a prescribed threshdltie small discrepancy demonstrates the accuracy of 3D-ICE

or reaches a maximum depth of iteration. The re nemertO with respect to PACT, which has been validated against

is performed before the simulation using the material ardotspot [10] and COMSOL [8], and also provides indirect

geometric parameters, and the associated overhead is neglighaéidation of 3D-ICE 4.0 against these simulators.

The accuracy gains of the layer division strategy are validated

in Section IV-B.

C. Local grid re nement

3D-ICE 3.1 [3] and ARTSIim 2.0 [22] support non-uniform
grids within one layer and across different layers, offering
more exibility and a better accuracy-ef ciency trade-off than
uniform grids. Finer grids can be used in specic regions
of interest without modifying the grids in other regions to
reduce computational overhead and simulation time. However,
a systematic policy for choosing the local grid granularity has
not been fully explored. Therefore, we propose an automatic
re nement strategy guided by local temperature gradients, as
shown in Fig. 4. Starting from a coarse mesh, we perform &i§- 6. Runtime for 3D-ICE 3.1, PACT and 3D-ICE 4.0 with 1, 5, and 20
- . . ___.cotes versus different problem sizes.
initial solve and estimate the average temperature gradient e
for each oorplan element. Elements exhibiting large gradients
(e.g., near hotspots) are selectively re ned to better capture
steep variations. For a given element, the grid size in the x-
direction is chosen as:
Gbase
G+ )
where | is the length of the oorplan element in the x-
direction, Gyase and are control parameters for the re nement
of the grid and > 0 avoids division by zero. The calculated
Gridsize;, needs to be regulated tanfi ;I1x], where hin is
the minimum granularity permitted by runtime and memory
constraints. The size of the grid in the y-direction can be compig. 7. Runtime for PACT and 3D-ICE 4.0 with different numbers of cores.
puted in a similar way. The ef ciency gains of this temperature-

aware local re nement over uniform grids are demonstrated in To assess parallel ef ciency, we sweep the grid resolution
Section IV-C. and compare the simulation time for serial solver 3D-ICE 3.1,

Gridsize, =1«




Fig. 8. Simulated geometry and 3D temperature distribution. (a) Geometry and dimension of the chiplet system, temperature map from (b) COMSOL, (c
3D-ICE 3.1, (d) 3D-ICE 4.0 without layer subdivision, (e) 3D-ICE 4.0 with layer division.

PACT, and 3D-ICE 4.0 using 1, 5, and 20 CPU cores in Fig. Gesolution, as shown in Fig. 8 (d). After 8 iterations of adaptive
As problem size increases, both PACT and 3D-ICE 4.0 exhiltétyer division, as illustrated in Section IlI-B, results from 3D-
higher speedup ratios, and for any xed core count, 3D-ICECE 4.0 align closely with COMSOL, as presented in Fig. 8
4.0 consistently achieves shorter runtimes than PACT acrds$, underscoring the importance of layer division. For a fair
the test, indicating better parallel ef ciency and scalability. comparison, we match the number of grid unknowns in 3D-
To compare the speedup ratio with more different col€E 3.1 and 3D-ICE 4.0 to the degrees of freedom (DoFs) of
numbers, we X the grid count as 2.5 million, then vary thehe COMSOL setup.
core count and compare 3D-ICE 4.0 with PACT, as shown in
Fig. 7. It can be found that the runtime keeps decreasing with
increasing cores up to around 30, after which gains saturate.
Across all core counts tested, 3D-ICE 4.0 is 3:61 —6:46
faster than PACT. For time division analysis, when the number
of cores is set to 7, PACT requires 949.0 s to nish the
simulation, 148.2 s for netlist import and matrix assembly, and
800.8 s for solving. In contrast, 3D-ICE 4.0 nishes in 146.9
s, with only 0.8 s for parsing the inputs and assembling the
matrix system, and 146.1 s for solving. In addition, the peak
memory usage of our framework (35.28 GB) is 27.3% lower
than that of PACT (48.43 GB), which highlights the memory
ef ciency of our approach. Across iterations, the layers with the larger vertical thermal
resistance are adaptively split into thinner layers with the
lower vertical resistance. The normalized variance of vertical
resistance across all simulation layers (Fig. 9) decreases as

Fig. 9. RMSE for functional layers during layer division iteration.

TABLE Il
THERMAL PROPERTIES OF DIFFERENT COMPONENTS

c Thermal Density Heat the distribution becomes more uniform, and the root mean
omponent  conductivity Kka=m3 capacity . .
W=(m K)] ko=m°]  3=kg K)] square error (RMSE) for each functional layer with respect
Heatsink 385 8,900 387 to COMSOL falls accordingly (Fig. 9). For the chip and
TiM 5 2,500 1,000 interposer, Fig. 10 (a) and (b) compare the results from 3D-
Chip, PCB 130 2,300 700 , _ ) !
microbump ICE 4.0 with COMSOL.: the rst iteration shows notable errors,
cabump °3(k)i113(?) 7,380 250 especially in high-power regions, whereas after 8 iterations-by

Under Il 15 1,400 1,100 which time the TIM and PCB are each subdivided into four
sub-layers, and the chip into two-the agreement is markedly

B. Case2: Modeling with detailed material distribution andmproved. It is worth noting that we keep the total number
accuracy gains by adaptive layer division of grids per functional layer constant across iterations, which

After initial validation, we evaluate how detailed materiaf€@ns the accuracy improvement arises from improved vertical
layouts and adaptive layer division affect accuracy of thermi@mperature modeling rather than an increased grid count. A
modeling of a 2.5D chiplet system [26]. The simulated systefimperature slice through the stack's center along the z-axis is
is shown in Fig. 8 (a), material properties are listed in Table §hown in Fig. 10 (c), which further con rms that the vertical
and the interposer layout is imported from the GDSII [d€mperature pro le converges toward the COMSOL reference
in [27]. The steady-state temperature map from COMSGRIter iteration. _
serves as the reference (Fig. 8 (b)). Using 3D-ICE 3.1 with a 1o assess the accuracy of our framework for transient ther-
homogenized model fails to capture the temperature gradierﬁfg’}l analysis, we apply Gaussian-modulated sinusoidal power
as shown in Fig. 8 (c). Incorporating detailed material distrDPUtS:
butions in 3D-ICE 4.0 can capture these temperature gradients, ( 2

- : L : Pt)=Po+P == It 3
but still deviates from COMSOL due to the limited vertical () =Po+Poexp 3 sin(!t) 3)
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