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Analytical Heterogeneous Die-to-Die 3-D
Placement With Macros
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Abstract—This article presents an innovative approach to 3-D
mixed-size placement in heterogeneous face-to-face (F2F) bonded
3-D ICs. We propose an analytical framework that utilizes
a dedicated density model and a bistratal wirelength model,
effectively handling macros and standard cells in a 3-D solution
space. A novel 3-D preconditioner is developed to resolve the
topological and physical gap between macros and standard cells.
Additionally, we propose a mixed-integer linear programming
(MILP) formulation for macro rotation to optimize wirelength.
Our framework is implemented with full-scale GPU acceleration,
leveraging an adaptive 3-D density accumulation algorithm and
an incremental wirelength gradient algorithm. Experimental
results on ICCAD 2023 contest benchmarks demonstrate that
our framework can achieve 5.9% quality score improvement
compared to the first-place winner with 4.0x runtime speedup.
Additional experiments on modern RISC-V designs further
validate the generalizability and superiority of our framework.

Index Terms—3-D integrated circuits, GPU acceleration, phys-
ical design, placement.

I. INTRODUCTION

S TECHNOLOGY scaling approaches its physical limits,

3-D integrated circuits (3-D ICs) have emerged as a
viable solution for extending Moore’s Law. By stacking
multiple dies vertically, 3-D ICs can integrate devices, such as
CMOS, SRAM, and RRAM with one or multiple technology
nodes onto a single chip [1]. However, circuit components
like memory and analog blocks become the bottleneck of
integration, which tend to scale at a slower pace than their
logic counterpart. Heterogeneous 3-D ICs can benefit by
using advanced technology nodes for standard cells without
worrying about the technology node of the hard IPs, achieving
better performance, area, and cost. Intel’s Meteor Lake [2]
serves as a notable example of such technology adoption.
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There are three main variants of 3-D ICs: 1) through-silicon-
via (TSV)-based; 2) monolithic; and 3) face-to-face (F2F)
bonding. The large pitches and parasitics of TSVs [3] restrict
TSV-based 3-D ICs to few interdie connections, thereby lim-
iting the performance benefits. While monolithic 3-D (M3D)
integration enables fine-grained vertical interconnects [4], [5],
the manufacturing yield is low due to the sophisticated process
steps. F2F bonded 3-D ICs [6], [7] are made up of two prefab-
ricated dies connected via hybrid bonding terminals (HBTs)
on the top-most metal layer. The ease of manufacturing and
the small size of bonding terminals enable a high-integration
density at a low cost, making it a preferred approach [8], [9].

3-D placement remains a challenging problem in the physi-
cal design flow of 3-D ICs. Existing methodologies are either
designed for standard cell 3-D placement or aim to handle
macros and standard cells together in mixed-size designs.
Recent placers [10], [11], [12] for F2F bonded 3-D ICs focus
on standard cell placement [13]. iPL-3-D [10] models the
problem using bilevel programming to optimize partitioning
and placement alternatively. To model the heterogeneous
integration, MTWA [11] uses a sigmoid-based pin transition
function, and the bistratal wirelength model [12] proposes
the finite difference approximation for accurate wirelength
modeling. However, with memory-intensive applications, such
as machine learning proliferating, numerous memory macros
are integrated into modern processors and accelerators to
enhance performance. A 3-D placer capable of handling both
standard cells and macros is essential to obtain the expected
benefits [9] for these mixed-size designs.

Existing 3-D mixed-size placers form two broad categories:
1) pseudo-3-D and 2) true-3-D. Pseudo-3-D placers [5], [8],
[14], [15], [16] separate the partitioning and placement phases,
and adopt 2-D placement tools to determine instance loca-
tions. Cascade2-D [14] implements an M3D design using the
partitioning-first flow. To fully utilize the physical information,
recent partitioning-last flows [8], [16] perform tier partitioning
after an intermediate placement stage. These design flows
introduce placement blockages to consider preplaced macros
from the floorplan stage. However, pseudo-3-D placers cannot
fully explore the overall solution space, and their performance
is particularly sensitive to partitioning results, exacerbated by
the presence of macros.

Differently, true-3-D placers [17], [18], [19] relax the dis-
crete tier partitioning and adopt analytical approaches. The
analytical placers perform mixed-size placement in a 3-D
cuboid region based on the smoothed wirelength model and
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density model. NTUPlace3-3-D [18] utilizes a bell-shaped
density model considering TSV insertion. The state-of-the-art
(SOTA) analytical 3-D placer, ePlace-3-D [19], models the
density constraint as a 3-D electrostatic field. Despite their
efficiency in handling macros and standard cells, existing true-
3-D placers focus on TSV minimization without an accurate
model for heterogeneous integration.

In summary, the aforementioned previous approaches are
hardly applicable to mixed-size designs in heterogeneous F2F
bonded 3-D ICs. Most pseudo-3-D placers [14], [16] rely on
the FM min-cut partitioning algorithm [20] and fail to utilize
the advantages of F2F bonding technology. Conventional true-
3-D placers [17], [18], [19] do not support heterogeneous
integration and employ a simplistic 3-D net bounding box
wirelength model, neglecting the wirelength reduction through
interdie connections. Although recent studies [11], [12] have
improved wirelength models to better-accommodate hetero-
geneous technology nodes, the placers lack key innovations
for the significant topological and physical difference between
macros and standard cells, resulting in challenges with
optimization convergence.

GPU acceleration has achieved great success in 2-D place-
ment [21], [22]. Liao et al. [12] pioneered GPU acceleration
for 3-D placement, but their acceleration techniques are
limited to standard cell placement, resulting in significant
load balancing issues in mixed-size scenarios. In addi-
tion, the approach they employed for bistratal wirelength
model [12] is hampered by high-computational complexity.
Innovations are needed for efficient 3-D mixed-size placement
on GPU.

In this article, we propose an analytical approach to 3-D
mixed-size placement in heterogeneous F2F bonded 3-D ICs.
Leveraging a dedicated density model and a bistratal wire-
length model, our framework effectively optimizes instance
partitioning and locations in a 3-D solution space. Our contri-
butions are summarized as follows.

1) We propose an analytical 3-D mixed-size placement
framework with a density model and a bistratal wire-
length model, incorporating a novel 3-D preconditioner,
for heterogeneous F2F bonded 3-D ICs.

2) A mixed-integer linear programming (MILP) formula-
tion is proposed to assign macro rotations for wirelength
optimization.

3) We implement our framework with full-scale GPU accel-
eration, leveraging adaptive 3-D density accumulation
and incremental wirelength gradient algorithms.

4) Experimental results on ICCAD 2023 contest bench-
marks demonstrate that our framework can achieve 5.9%
quality score improvement over the first-place winner
with 4.0x runtime speedup.

5) We also evaluated our framework on modern RISC-V
designs. Compared to the baseline, our placer achieves
20% better wirelength with 12.0x runtime speedup.

The remainder of this article is organized as follows.
Section II provides the background and the problem formu-
lation. Section III presents the overall mixed-size placement
flow of the proposed framework for heterogeneous F2F bonded
3-D ICs. In Section 1V, we detail our density and wirelength

algorithms. Section V presents experimental results and related
analysis, followed by conclusion in Section VI.

II. PRELIMINARIES
A. 3-D Analytical Global Placement

Given a netlist (V, E) where V = {v, ..., v,} is the instance
set and E = {eq, ..., ey} is the net set, all the instances are
placed within a 3-D cuboid region Q = [0, dy] x [0, dy] x
[0,d,]. And we use Vyy C V and Ey C E to denote
the movable macros and the nets connecting the macros.
Let v = (x,y,z) denote the physical coordinates of the
instances. The placement objective is to minimize the total
half-perimeter wirelength (HPWL) while satisfying the target
density constraints. Conventionally, the 3-D HPWL is adopted
as the objective function defined below.

Definition 1 (3-D HPWL): Given instance locations v =
(x,¥,2), the 3-D HPWL of any net ¢ € E is given by

We(v) = pe(®) +pe(y) + a - pe(2) ey

where p.(#) = max,c,4; — minyc, u; denotes the partial
HPWL along one axis, and a weight factor & > 0 is introduced
for the vertical interconnects in 3-D ICs.

To model the density constraints, the cuboid region € is
uniformly divided into Ny x Ny x N, bins denoted as set B. And
the density pp in each bin should not exceed the target density
pr. The nonlinear placement optimization is formulated as

min > W) st pp(v) <p VbeB. 2)

ecE

Analytical methods conduct the 3-D global placement using
gradient-based optimization. As p.(-) in 3-D HPWL is nons-
mooth and nonconvex, it is approximated by a differentiable
wirelength model, e.g., the weighted-average model [18] given
a smoothing parameter y > 0

3 i e > Xi e 7
A vi€e 1 vi€e 1
Pe(x) = — T . 3)

1, 1.
ZvieeeyXl Zvieee VXI

Similarly, a density model U(-) relaxes all the |B| constraints
in (2) and evaluates the overall density penalty within the
entire region 2. The SOTA density model U(-) is the eDensity
family [19], [23], [24] based on electrostatics field, converting
instances v; € V to charges. The electric force spreads charges
toward the equilibrium state, producing a globally even density
distribution. Putting the density penalty into the wirelength
objective, the 3-D analytical global placement is formulated
as the following unconstrained optimization:

min Z W, () + 20) 4)

ecE

where W,(-) is the smoothed wirelength model, U() is the
smoothed density model, and A is the density weight intro-
duced as the Lagrangian multiplier of the density constraints.
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Fig. 1. D2D wirelength of a net is the sum of the wirelength of the top net
and bottom net. HBTs are on the top-most layer for both dies. Pins connected
by a net are in the same color.

B. Problem Formulation

This article considers the 3-D mixed-size placement
problem specified in the ICCAD 2023 contest [25]. We intend
to determine the locations of standard cells and macros on
the two dies with the same or different technology nodes, and
insert HBTs for die-to-die (D2D) vertical connections so that
the total D2D wirelength and HBT cost are minimized while
the following constraints are satisfied.

1) All the instances must be nonoverlapping, and the
standard cells must be aligned to rows and sites. HBT
spacing constraints must be satisfied.

2) All the instances are placed on either top or bottom
die, and the maximum utilization of each die must be
satisfied.

3) For any crossing-die net, one and only one HBT is
inserted for vertical connection.

4) All the standard cells cannot be rotated or mirrored.
Macros, on the other hand, can be rotated with 0°, 90°,
180°, and 270° counterclockwise without mirroring.

It is worth noting that the cells and macros may be
fabricated using different technology nodes on different dies,
i.e., the instance height, width, and pin location would be
different. And the center points of the HBTs are included in the
wirelength calculation for accurate modeling of F2F bonded
ICs, as illustrated in Fig. 1. Therefore, the instance partition
& must be explicitly considered.

A partition is determined by a binary vector § € {0, 1}",
where §; = 0 indicates that v; € V is placed on the bottom
die, otherwise on the top die. §; can be derived from the
instance center z-coordinate by §; = Lr+(z; — [d;/2]), where
Igr+(-) is the indicator function of positive real numbers.
Accordingly, the HBT ¢, is inserted for crossing-die net e with
C.(8) = max,,c §; — miny,e, 6; = 1, which means the net e
connects the instances placed on the different dies. The D2D
wirelength [25] includes the top net é* = e* U {t,} and the

bottom net e~ = e~ U {t,} considering both instances and
HBTs, where et = {vice: 8 =1}ande” ={v;ce: § =
0}.

Definition 2 (D2D HPWL): Given partition §, the D2D
HPWL of net e is defined by W, = W;+ + W;—, where
Wit = pet (x) + pet ()
Wi = pe- (x) + pe-(y). ()

If C.(8) = 0, it reduces to the 2-D net HPWL without the
HBT.

Section III-A !
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Fig. 2. Overall 3-D mixed-size placement flow.

Based on Definition 2, we formally define the 3-D D2D
placement problem as follows:

> Wy, 1)+ B Co(d)
ecE ecE
s.t. pp(x,y,2) <p YbeB

d;
8 = I+ Zi_3 Yv, eV

6; € {0°,90°, 180°,270°} Vv; € Vi
legality constraints 6)

min
x.y.z

where W,(-) is the D2D HPWL and C,(d) is the crossing-
die net indicator. 8 denotes the cost of each HBT provided
by the design specification, and 6; denotes the rotation of
each macro. Following the 3-D analytical approaches, we
transform the above problem into unconstrained optimization
in (4). We adopt the bistratal wirelength model [12] and
eDensity3-D model [19], respectively. Dedicated customiza-
tions are proposed for accurate modeling of heterogeneous
mixed-size designs, and full GPU acceleration is implemented
in our framework for ultrafast performance.

III. PROPOSED 3-D PLACEMENT FRAMEWORK

The overall placement flow of our framework is illustrated
in Fig. 2, which consists of four stages. First, our framework
performs 3-D mixed-size global placement (Section III-A) to
optimize the instance partitioning and locations simultaneously
with the initial macro orientation 0°. Second, we optimize the
macro rotations based on the physical information of the initial
3-D placement solution. We propose a MILP formulation
(Section III-A) to minimize the wirelength. Then, we perform
global placement again with the optimized macro rotations to
further improve wirelength. Our framework applies multidie
2-D global placement (Section III) for the designs of macro
area ratio larger than 50%, which avoids the large macro
density obstacle and leads to better-macro placement. For the
designs with macro area ratio smaller than 50%, we perform
3-D mixed-size global placement to explore the entire solution
space for better wirelength. The macro area ratio is calculated
using the technology information of the top die, which has a
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Fig. 3. Our density model and wirelength model consider instance

partitioning explicitly for accurate modeling of heterogeneous technology
nodes. The instance attributes are updated dynamically in the global placement
stage. The macro size transition is smoothed for stable density optimization.

smaller feature size. At last, we apply die-by-die legalization
and detailed placement to obtain the final placement result.

A. 3-D Mixed-Size Global Placement

The heterogeneous F2F bonded ICs bring unique challenges
for global placement. The instance attributes, including size
and pin offsets, are different on the two dies for heterogeneous
technology nodes, and the macros show particularly large
variation. Such property requires our density model and wire-
length model to consider the instance partitioning explicitly
for accurate modeling.

Electrostatics-Based Density Model: The SOTA eDensity3-
D [19] model sets the electric quantity g; as the physical
volume of instance v;. To consider the heterogeneous technol-
ogy nodes, we update the attributes of instance dynamically
according to the z-coordinate, i.e., §; = Lr+(z; — [d;/2]), as
shown in Fig. 3. Let wl-+ and hj' denote the instance width and
height on the top die, and w;” and &; on the bottom die. The
dynamic width w; and height %; can be derived as

wi = §wi + (1 —8)w;
hi = 8iht + (1 — 8)h; . (7)

To accommodate the D2D placement, we set all instances
with the same depth d = (1/2)d; so that the instances
can be distributed to exactly two dies. Although the update
scheme provides accurate heterogeneous information, the step
transition introduces discreteness for density optimization. The
impact of standard cells is small, but the large variation in
macro size incurs sudden changes in the density map, as shown
in Fig. 3, resulting in challenges with convergence. For any
macro v; € Vyy, we propose to linearly transform macro width
and height as

2z 1\ 4 (3 2z _
wi= (- )+ (2= )y
d, 2 2 4

2z 1 3 2z, _
ho= =2 — 2\ pt — — = K. 8
’ <dz 2)1 +(2 dz>l ®

The movable range of z; is [(d;/4), (3d;/4)] based on our
depth setting. While [11], [26] adopt nonlinear size trans-
formation for both standard cells and macros, our approach
only scales the macro size for more accurate heterogeneous
modeling.

The eDensity3-D models the density penalty U as the total
potential energy of the system f/(v) = ZWGVCIi@(V). It

computes the potential map ¢ (v) by solving the 3-D Poisson’s
equation

Ap(v) = —p(v), ve
n-Vo) =0, veaQ. 9

eDensity3-D solves the Poisson’s equation by efficient spectral
methods [19]. Let (v}, wy, w) = ([jmw/dy], (km /dy), [Im /d,])
denote the frequency indices. The density frequency
coefficients aj; are computed as

G = = D p(x, ¥, 2) cos(wjx) cos(wxy) cos(@iz)  (10)
N
X, 9,2

where the denominator N = NN, N, denotes the total number
of bins. And according to (9), the potential map solution

¢ (x, y, z) under constraint fQ ¢(v) d2 =0 is given by
Ajkl
(x,y,2) = — 7 cos(wjx cos(wgy) cos(w;z).
oGy j%;wf+w£+wf (j) Y

(1)

By differentiating (11), we have the electric field E(x, y, z) =
(Ex, Ey, E;) shown as follows:

Ajri; .
E, = —L 7 _in(wx cos(wgy) cos(w;z)
* ng—i—wz—i—wz (j) Y
J.k,0 k l
Ajkl Wk .
E, = — " cos(wix) sin(wry) cos(wiz)
g %:lw»z—i-w,%—i-a)[z (J) Y
gk T
ajklw,
E, = Z tlliad cos(wjx) cos(wky) sin(w;z). (12)

TR
The above spectral equations can be efficiently solved using
fast Fourier transform (FFT) with O(NlogN) complexity.
However, during the forward phase, we need to compute the
density map p(x,y,z), and during the backward phase, the
electric force is VU; = giE;, which both require the density
accumulation over the 3-D grid bins. As a result, the density
accumulation becomes the runtime bottleneck.

Two types of dummy fillers are inserted into our placement
system.

1) z-Fixed Fillers: These fillers are used to manage maxi-
mum utilization constraints and maintain fixed z-coordinates.
Fillers on the same die are equally sized (cuboid) with depth
d = (1/2)d,. We set the total volume of top z-fixed fillers Volf

and bottom z-fixed fillers volf_ as
volf = Jdidyd (1 — u®)

vol; = jdvdyd; (1 —u”) (13)

where u™ and u~ are the maximum utilization rate for the
top die and the bottom die, respectively. The top z-fixed fillers
are initialized with z; = (3d;/4), and bottom z-fixed fillers are
initialized with z; = (d;/4). During the optimization, these
fillers’ z-gradients are set to zero. Once a die’s maximum
utilization rate is exceeded, the fillers will push the instances
to the other die.

2) Free Fillers: To address the potential white space, we
insert free fillers that are initialized at the center of the region
2 and follow a normal distribution. Unlike the z-fixed fillers,
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Fig. 4. Tllustration of D2D HPWL wirelength in x-axis, the y-axis is similar.
(a) 3-D HPWL is inconsistent with the D2D HPWL. The x-axis D2D HPWL
is larger than the x-axis HPWL of the entire bounding box. (b) With the planar
locations fixed, changing the pin partition can significantly reduce the x-axis
D2D HPWL in some cases.

free fillers can move freely in the z-direction. The total volume
of free fillers voly is calculated as

volj, = max {didyd; — (vol” +vol; +vol, ), 0} (14)

where vol, is the total volume of all the instances. We
randomly initialize all the instances at the center following
a normal distribution. The total instance volume vol, is
calculated based on this initial position.

Bistratal Wirelength Model: According to the objective in
(6), the primary optimization goal is to minimize the D2D
wirelength in (5), and a small HBT cost 8 is specified by the
design to encourage more usage of HBTs. The HBT cost can
be naturally modeled by p,.(z), reflecting the cut size. However,
the traditional 3-D HPWL model in (1) cannot match the D2D
wirelength in (5) for the planar wirelength, which contributes
most to the objective.

As illustrated in Fig. 3(a), the x-axis 3-D HPWL p,(x) is
smaller than x-axis D2D HPWL p,+(x) + p.- (x). In fact, the
D2D HPWL can be 2x of the 3-D HPWL if the bounding
boxes of the top net and the bottom net are the same, and only
if the bounding boxes have no overlap as shown in Fig. 3(b),
they are of the same value. The error of the 3-D HPWL arises
from the negligence of the HBTs in D2D placement. To decide
the locations of the HBTs, we first introduce the optimal region
for an HBT .. Given the bounding box B = [x.  xf 1 x
vt vty for the top netand By = [x_: | Xma IX [V, Y]

for the bottom net, the optimal region B;, = [x| ., xp..] X
/ / 1
imins Ymax] for the HBT z. is defined as
/ _ . J’_ — . + —
Xmin = TN {max{xmin’ xmin}’ mm{xmax’ Xmax }}
/ _ + - ; + -
Xmax = max{max{xmm, xmin}’ mm{xmax’ xmax}} (15)

and y .. V.. are defined similarly. With the HBT in its
optimal region, the D2D HPWL is minimized as illustrated
in Fig. 5.

Based on the above analysis, we can derive the minimal
D2D wirelength in x-axis

We, (x) = max{pe(x), pe+(X) + pe-(x)}.

Equation (16) demonstrates how to explicitly optimize D2D
wirelength in 3-D global placement. If the bounding boxes B}
and B, overlap, we optimize the HPWL of each partial net as

(16)

topnet et --- bottom net e~ [ By,
— . >
Pe+ () ' pe() J)
Y41 P1 D4
O P4 |€|
By, P3
(0} (0]
p3 Pps Y2
P2 pe—() P2 ©
(a) (b)

Fig. 5. Optimal region By, is the region bounded by the median values of
the top net box BJ and bottom net box B, .HBT t. placed outside By, will
introduce extra wirelength. (a) If B;" and B, overlap in x-axis, the minimal
x-axis D2D HPWL is p 4 (x) +p,— (x). (b) If Bj' and B, have no overlap in
x-axis, the minimal x-axis D2D HPWL is pe(x).

shown in Fig. 4(a). Otherwise, we optimize the entire bound-
ing box at the nonoverlapping direction as shown in Fig. 4(b).
Combining y-axis wirelength which is calculated similarly,
the bistratal wirelength [12] is defined by W, Bi(x,y,2) =
We, (x) + We, (y). It is worth mentioning that W, g;(-) is also
a function of z as z-coordinates determine partial nets e, e~
directly. Meanwhile, we also dynamically update the pin offset
values in the same approach as (7) to model the heterogeneous
technology nodes. Combining the HBT cost, our wirelength
model for the 3-D global placement is

We(x,y,z) = W, Bi(x,,2) + ap.(z). )

Applying the weighted-average model in (3) to p.(-), we
can perform gradient-based optimization on the smoothed
objective W,. However, the weighted-average model only
minimizes p.(z) to reduce the cut size, incapable of optimizing
the partition for wirelength. As shown in Fig. 3(b), the D2D
wirelength can be greatly reduced with a better distribution
of z. The smoothed bistratal wirelength We,Bi is discontinuous
with respect to z, therefore, the gradient V,W, p; does not
exist. To approximate the impact of z on wirelength, we
leverage finite difference approximation [12], [27] to perform
numerical optimization on z with gradient defined by

(VzWe,Bi>_ = %(We,Bi (x,y, Zi+ %ei)
P

- e,Bi(x,y,Zi + %&'))

where x and y are fixed for wirelength evaluation, and z; =
7O (1 —e;) and e; € RVl is the unit vector with the ith entry
being 1 and others being 0. For each instance, we perturb z;
with Az = (d;/4) to alter its partition and evaluate the bistratal
wirelength change AW, ;. The difference quotient is adopted
as the gradient, which provides a local view of wirelength
benefits for updating z;.

To better demonstrate the derivation of (19), we analyze z;
within interval [(d;/4), (3d;/4)] for instance v; € V and fix
all other variables. Then, W, gi(x,y, z) simplifies to W, gi(z;)
which is a step function that only takes two possible values
W, Bi(d;/4) and W, p;(3d;/4), corresponding to the wirelength
when instance v; is on the bottom and top dies, respectively.

(18)
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Specifically, we always have W, gi(z;) = W, Bi(d;/4) if z; <
(d;/2) and W, pi(z;) = W, Bi(3d;/4) otherwise. In fact, the
finite difference approximation computes the partial derivative
(VZVAVe,Bi),- as follows for z; € [(1/4)d;, [1/2]d;):

Wemi(2i + 1d:) = Weopi(2)

QZWe,Bi(Zi) = )
= 3(Wemi(3E) - Wemi (%)) (19
Similarly, if z; € [(1/2)d,, (3/4)d;], it computes
W Bi (Zi - %dz) — We Bi(zi)
_?dZWe,Bi(Zi) = )
= 2(Wem (3E) - Wemi(%)). @0

Combining (20) and (21), we obtain (19) as a conclusion.

3-D Mixed-Size Preconditioning: Preconditioning is a crit-
ical component of numerical optimization which reduces the
condition number and stabilizes the optimization process.
The large topological and physical difference between macros
and standard cells makes the preconditioner indispensable in
nonlinear placement optimization.

Equation (19) provides the optimization direction for z.
However, VZVAVL),Bi is not on the same scale as planar gradients
VxVAVe,Bi and VyWe,Bi, leading to suboptimal results. Hence,
we normalize (19) before applying gradient descent

Ve Wenill + 1V Wegilli

~ vzVVe,Bi
2|V We gill1

21

and we use (VxVAVe,Bi, Vy VAVe,Bi,g + aV;p.(z)) as the gradient
of our wirelength objective in 3-D mixed-size preconditioning,
which ensures the continuity of the optimization process.

In 2-D placement, ePlace [23], [24] adopts the Jacobi
preconditioner, which only selects diagonal entries of the
Hessian matrix, to perform preconditioning on gradients. Let
f(») be the objective function in (4). Considering x direction,
the ith diagonal entry of Hessian matrix Hy = V2f is given
by

320

02

1

-
(Hf)ii = Z 3_"12@ A (22)
e aXi

ePlace [23], [24] approximates (23) with Ze (82We/8xi2) ~
|Eil, (32U/8x7) ~ i, and (Hy);; ~ |E;|+Ag;, for both standard
cells and macros, where |E;| is the set cardinality of all nets
incident to instance v; € V and ¢g; stands for the electric
quantity of v;. Specifically, |E;| is the number of pins on v;,
and g; is the corresponding instance area or volume. To better
adapt to the third dimension, ePlace3-D [19] removes the first
item and only uses (Hy);; &~ Ag; as the preconditioner for both
standard cells and macros.

However, we have Ag; < 1 at the early global placement
stage when the density weight X is small, resulting in a stability
issue and subsequent divergence. The wirelength gradients of
macros are significantly larger than those of standard cells, as
the macros have a larger number of pins. The large movement
of macros frequently perturbs the optimization direction.

TABLE I
NOTATIONS FOR THE MILP FORMULATION OF MACRO
ROTATION ASSIGNMENT

Notations ‘ Descriptions
S; a set of standard cell instances connected by e;
M; a set of macro instances connected by e;

(@i, yi) center location of instance v;
(0%;,0%) | pin offsets on v; connected by e; with respect to the center of v;
binary variables to encode the rotation of instance v;

Therefore, we propose the 3-D mixed-size preconditioner as
follows:

max{l, |E;| + rg;}, if v € Viy

max{1, Lg;}, otherwise. (23)

(Hy);i ~ {
Through the mixed-size preconditioning in (24), the macros
are allowed to move at the pace of standard cells at the
early global placement stage, preventing the optimization from
divergence. With density weight A increasing, the spreading
standard cells provide enough physical information to drive
the macros to the proper die.

B. MILP Macro Rotation Assignment

The initial 3-D placement solution provides valuable
information about the locations and partition of the macros and
standard cells. Based on the physical information, we propose
a MILP formulation to assign macro rotations to minimize
wirelength.

We only need to consider the net set Ej; connecting the
macros Vjs to find the optimal rotation assignment. The
notations used in the formulation are summarized in Table I.
Consider arbitrary net ¢; € Ej connecting a set of instances,
including a set of standard cells S; and a set of macros M;. For
standard cell v¢ € §;, which cannot be rotated, the coordinates
of the pin on v; connecting to e; are given by (xj, yj) =
(xx —i—O}Ej, Vi +oij). For the pin location of rotatable macro v; €
M; connecting to e, we use two binary variables to represent
its coordinates (x;;, y;j)

xj=xi+(1—ri— r;)oi:‘/ + (ri — rl{)o;

yij = yi + (r} = ri)of + (1 = ri = i) oy, (24)

The binary variables (r;, rlf) with values (0, 0), (0, 1), (1, 1),
and (1, 0) indicate that macro rotates counterclockwise by 0°,
90°, 180°, and 270°, respectively.

Since the rotation assignment is performed after the initial
3-D placement, all the instances are distributed to the corre-
sponding dies according to z-coordinates, and HBTs for the
crossing-die nets are inserted at the center point of the optimal
region in (15). The problem is reduced to the 2-D scenario.
Our objective is to minimize the total D2D wirelength of net
set Eyy, leading to the following MILP formulation:

min ) (R;F ~ LI +R) - Ljﬁ)
ej€Ey

s.t. L;‘ < x;+ ozj < R;‘ Vv € 5;
xi+ (1 — e — r()o’i + (r' — r")oy‘ <RY Vv;eM;
i i i)Yij 1 i)Y =1 i J
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xi+ (1= ri —r)oj; + (ri — r;)olyj > L VYvieM;
L <yi+o, <R

yit (i = ri)oy + (1=
vi+ (ri = ri)oj + (1 =

Vv € 8§
r— rf)olyj < RJ)-V Vv € M;
n—ﬂﬁé;@’wquﬁaﬁ
R} (R}Y ) and Lf (LJY) represent the x (y) bounding box boundary
to optimize. Note that we consider the HBT locations by treat-
ing the HBT as standard cell at this stage. There are O(|Viy|)
binary variables and O(|Ey|) linear constraints, which are
relatively small. We can solve it optimally by invoking an
MILP solver with negligible runtime overhead. Additionally,
our MILP formulation is sufficiently flexible to accommodate
the orientation constraints of the latest technology node by dis-
abling the corresponding orientation variables. The potential
instance overlap resulting from macro rotation will be resolved
during the global placement at a later stage.

C. Multidie 2-D Global Placement

With the optimized macro rotations, our framework per-
forms global placement again to improve the placement
quality. Although the 3-D mixed-size global placement can
explore the entire solution space, it has difficulty in finding
a good macro placement for the design with excessively
large macros. We propose a multidie 2-D global placement
formulation removing z-dimension to resolve the issue. The
instance partition is determined by the initial 3-D placement
solution.

We model the top die, bottom die, and bonding terminal
layer as independent 2-D electrostatic fields [23] so that
the partitioned macros can spread more easily without the
influence of the macro density obstacle on the other die. The
objective of multidie 2-D global placement is to minimize the
D2D wirelength while the instances and HBTs on the three
layers have minimal overlap, shown as follows:

min ) We(,y) + (1, 0)

eckE

(26)

where A = (A", A7, /) is the vector of the density weights
and U = (U, U~, 0" is the vector of the density penalty
for the top die, bottom die, and HBT layer, respectively. We
insert dummy fillers into the placement system. The total area
of fillers is determined by subtracting the total instance area
from the die area. The independent 2-D density models give
more flexibility for the macros compared to the 3-D density
model, and the HBTs, connecting the top partial nets and the
bottom partial nets, guide the connected instances to align in
an F2F manner during the placement.

D. Legalization

Die-by-die legalization is performed for macros, standard
cells, and HBTs to remove the overlap. We utilize the
transitive closure graph (TCG) [28], [29] to represent the
relation between macros, and the dual problem of TCG-
based macro legalization is associated with the min-cost flow
problem [30], which can be solved efficiently by the network
simplex algorithm. We legalize the standard cells die-by-die

with Tetris [31] and Abacus [32] algorithms. The HBTs share
the same square size w' x w’ and require a minimum spacing
s’ between each other. Hence, we pad the HBT to a square
with size w' + s’ and legalize them as ordinary standard cells
with row height w' + s’. The actual position of the HBTs can
be derived from the padded HBTs.

E. Detailed Placement

We adopt ABCDPlace [33] as our detailed placement
engine, including strategies of global swap [34], independent
set matching [35], and local reordering [36]. The instances and
HBTs on each layer are refined sequentially. After one iteration
of detailed placement, the optimal regions of HBTs may be
changed. Hence, we can map the HBT to the center point
of the updated optimal region, followed by a new iteration
of HBT legalization and detailed placement. The wirelength
improvement is negligible for more iterations of the process.
Therefore, we only perform one additional iteration of the
detailed placement.

IV. DENSITY AND WIRELENGTH ALGORITHMS
A. Adaptive 3-D Density Accumulation

The density accumulation is computation-intensive, becom-
ing the runtime bottleneck in 3-D global placement. Density
accumulation includes two phases: 1) the forward phase to
compute the density map p from instances and 2) the backward
phase to accumulate the weights from the electric field maps
E to instances. Two phases share the same primitive operation
to compute the overlapping region of instances and bins. The
computation workload can be very imbalanced for standard
cells and macros. Therefore, adaptive algorithms are desired
for mixed-size designs in 3-D scenarios.

For an instance v; with size w; X h; x (d;/2), the correspond-
ing cuboid region is D,;, = [x; — (W;/2), x; + (W;i/2)] x [yi —
(hi/2), yi+ (hi/2)] X [zi—(dz/4), zi+(d/4)]. The density map
p has a size of |B| = Ny X Ny x N,. For each bin b € B as a
cuboid with size wy, x hp X dp, the density is calculated as

Pb = Z Wy;

vieV

vol(Dvi N b) 27
vol(b)

where w,, is the weight of instance v; and vol(-) is the
volume of the cuboid region. We implement the local
smoothness technique as described in [23], and w,, is deter-
mined by the relative sizes of the instance and the bin,
wy; = min{l, (wi/«/iwb)} X min{1, (h,-/\/zh;,)}. Given that
all instances have the same depth, we do not apply local
smoothness to the depth dimension. The approach used
in prior work [12], [21] for calculating (26) is to allocate
one thread for each instance and sequentially update all the
overlapped bins within that thread. However, large macros
in 3-D scenarios may cover many bins, causing severe load
balancing issues.

A natural idea for solving the problem is to exploit different
levels of parallelism for standard cells and macros. Instance
parallelism [12] for standard cells is abundant, and the work-
load for each thread is light and balanced. In contrast to the
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Fig. 6. 3-D density map calculation for macro v; colored in red is decomposed
to the weighted sum of eight corner maps, performed by 3-D prefix sum. Blue
submaps indicate addition region and brown submaps indicate subtraction
region.

standard cells, the number of macros is small, but the number
of bins to traverse for density calculation is much larger. The
key to achieving efficient macro density accumulation is to
effectively exploit the bin parallelism.

Guo et al. [37] applied bin parallelism using the prefix
sum algorithm in 2-D scenarios. Specifically, they decom-
posed each macro into four bottom-right instances, with
each instance further divided into four subinstances. These
subinstances can be processed as increments on bottom-right
submatrices or on individual grids. However, their decomposi-
tion strategy, tailored for the 2-D density model, is challenging
to extend to 3-D scenarios due to its reliance on manual design.
In contrast, we propose a general formulation for 3-D density
accumulation with a theoretical guarantee of correctness.

The 3-D prefix sum operator is a function ¢ : RN:<MyxNe
RNx>*Ny>xNz guch that

ik
A=Y Y > Aijw
iI=1j=1k=1

holds for any 3-D map A € RN~*¥>*Nz and valid index tuple
(i, ], k). The prefix sum can propagate a single value in A to
the region with larger indices in time complexity O(NNyN;).
Based on this idea, we can efficiently compute the density map
for macros by only considering the 8 corners, as illustrated
in Fig. 6.

We first gather the density values at the macro corners.
Consider a corner (x,y,z) and its normalized coordinates
x,y,2) = ([x/wp], [y/hp], [z/dp]). Note that a corner may not
align precisely with the 3-D grid of bins. And we introduce
the function g(a) = max{l — |a|, 0} for the partial density
introduced by the noninteger coordinates. Let the 3-D map
A®Y:2 be induced according to the following mechanism:

AT = g(i—1=R)g(j— 1 - 3)g(k — 1 -2).

A®¥:9 ig sparse with at most 8 nonzero entries adjacent to the
bin index ([X], [¥], [Z]). Then, we have the following theorem.

Theorem 1: For macro v; with size w; x h; x (d;/2), center
coordinate (x;,y;, z;), and corresponding cuboid region D,,,
consider 3-D map

2

UX,O')V,UZG{—IJ}

(28)

(29)

)i hj dy
xj+o ‘LI’V.J,_O-,,I’Z,_FUZA)
.Avl'— .A(I T2y . (30)

—0x0y0;

Then, its prefix sum satisfies ¢ (A,;), = [vol(D,, N b)/vol(b)]
for each bin b € B.

< 6 > -0.49-0.21 0.490.21
.49 0.7 0.7 0.7 0.7 0.7 0.21 -0.21-0.09 0.21 0.09]
07 1 1 1 1 1 03
#0711 1 1 103
0.7 1 1 1 1 1 03 0.140.06 -0.14-0.0¢
56 0.8 0.8 0.8 0.8 0.8 0.24 MO‘M -0.56-0.24]
(1.3, 2.2) Ay = (=1) x (=1) x Aé{;”z‘m
=g(—0.3) x g(—0.2)
(a) (b)
Fig. 7. 2-D density accumulation example using our prefix sum approach.

(a) Resulting density map p. Entries without a number represent zero. (b) 2-D
map A, calculated using (28) and (30). Apparently, the prefix sum of
Ay equals the density map p. 3-D density accumulation follows a similar
rationale.

Theorem 1 demonstrates the way to simplify the 3-D density
accumulation for macros. With oy, oy, 0, as binary variables,
and the maps being sparse with 8 real numbers, the summation
in (30) can be finished in constant time. The calculation
of density map for macros is extremely fast by adding A,,
for all macros Vj, followed by a single time of 3-D prefix
sum. Therefore, the prefix sum density accumulation runs in
O(NyNyN; + |Vyl), which is linear in both the number of
bins and macros. Fig. 7 illustrates a 2-D density accumulation
example using our prefix sum approach. The prefix sum of A,,,
calculated according to (28) and (30), equals the density map
p. And 3-D density accumulation follows a similar rationale.

In the backward phase, each instance receives the electric
force from the overlapped bins in three directions, which
requires performing prefix sum on electric field maps E. The
procedure is similar to the forward density accumulation. The
3-D prefix sum is a one-time cost, and the electric force for
each macro can be induced at the 8 corners with constant-
time summation operations. Hence, the time complexity for
the backward phase is also O(NyNyN; + [Vyl).

Our adaptive method utilizes the instance parallelism for
the standard cells and bin parallelism for the macros, which
reduces the runtime of 3-D global placement from 400s to
157s on case4 of the ICCAD 2023 contest benchmarks [25]
compared to the approach [12].

B. Incremental Wirelength Gradient Algorithm

The depth gradient VZVAVL), Bi in (19) requires different
computation mechanism compared to other weighted-average
model-based gradients. We perturb the pin partition with Az =
(d;/4) and check the bistratal wirelength change AW, g;,
involving frequently updating the bounding boxes of the top
and bottom nets.

Let P, = {p1, ..., pi} denote the set of all pins connected
by net e. The vanilla approach in [12] evaluates the W, p; after
changing the partition of pin p € P, by traversing the rest
of pins P, \ {p} to check the maximum and minimum values.
The time complexity is O(|P,|?) to finish the computation for
net e. However, we find that most computation in the vanilla
approach is unnecessary, and the equivalent results can be
calculated incrementally.
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Fig. 8. [Illustration of incremental computation for VoW, g; of p4, other pins
share the same procedure. (a) p4 lies on the current bounding box B:(l)’ and
moving it to the bottom die makes B:(z) become the boundary. (b) Bistratal

wirelength change AW, g; = AW, 4+ AW, can be calculated in constant
time when moving p4 to the bottom die.

The key observation is that updates to the coordi-
nates of the top-net bounding box B:f(l) with coordinates
:I“ﬁn, y:ﬁn, Xt s Vi) or the bottom-net bounding box B, 1
with coordinates {x_; ,V i s *max> Ymax] are necessary only
if the pin being moved is located at the boundary of these
boxes. Rather than traversing all pins P, to determine new
maximum and minimum values, it is sufficient to refer to the

coordinates of the second outermost bounding boxes, B:(z)

{x

and B, ), which represent the second-largest and second-
smallest values among the pin coordinates on the top and
bottom dies, respectively. A similar approach has been adopted
in [38].

If the top pin p is located on BZ(I)’ and is moved to
the bottom die, then B:(z) becomes the new bounding box
for the top net. If the location of p on the bottom die
is outside the bounding box B; b, We then update B;m
accordingly. The change of bistratal wirelength AW, g; can be
calculated by AW, g; = Wf,Bi — W, Bi, where Wf,Bi represents
the bistratal wirelength after changing the partition of pin
p and W, p; represents the initial bistratal wirelength. The
calculation costs constant time for each pin. Hence, the
incremental algorithm computes the depth gradient VZWE,Bi =
(AW, Bi/Az) in time complexity O(|P.|) for net e. Fig. 8
illustrates the incremental computation for one pin, and the
gradients for other pins can be calculated similarly. Compared
to the vanilla approach in [12], our incremental algorithm
exhibits lower-time complexity, making it more efficient.

V. EXPERIMENTAL RESULTS
A. Experimental Setup

We conducted experiments on the ICCAD 2023 contest
benchmarks [25] and open-source RISC-V designs. The
detailed design statistics of ICCAD 2023 contest benchmark
are shown in Table II. Top and bottom maximum utilization
rate is 80%, and the HBT cost g is 10 for these designs. The
contest evaluates the raw score = HPWL + B#HBTs with a
runtime factor. Most designs adopt heterogeneous technology
nodes with a large macro area ratio ryia, bringing a significant
challenge to optimizing the D2D wirelength. Additionally,

TABLE 11
STATISTICS OF ICCAD 2023 CONTEST BENCHMARKS [25]. RHT AND
RH™ REPRESENT ROW HEIGHT VALUES OF THE TOP AND BOTTOM DIE,
RESPECTIVELY. w' STANDS FOR THE PITCH SIZE OF HBTS. rpjpo STANDS
FOR THE MACRO AREA RATIO, WHICH IS CALCULATED USING THE
TECHNOLOGY INFORMATION OF THE TOP DIE

RHT

Bench. ‘ #Cells #Macros #Nets TMA
case? 13901 6 19547 33 33 92  0.88
case2hl 13901 6 19547 33 48 92  0.88
case2h2 13901 6 19547 33 48 92  0.88
case3 124231 34 164429 33 48 56  0.71
case3h 124231 34 164429 36 48 58 0.67
cased 740211 32 758860 92 115 54 0.36
case4dh 740211 32 758860 55 69 32 0.36

TABLE III

STATISTICS OF RISC-V DESIGNS. THE ToP DIE USES NANGATE 15
NM [39] WITH RHT = 0.768uM, AND THE BOTTOM DIE USES NANGATE

45 NM [40] WITH RH™ = 1.4 M. ut AND u~ REPRESENT THE
MAXIMUM UTILIZATION RATE OF THE TOP AND BOTTOM DIE,
RESPECTIVELY

Bench. | #Cells #Macros  #Nets ut u” TMA
tinyRocket 24647 2 26085 0.50 0.60 0.07
SweRV 87587 28 91903 0.70 0.80 0.81
Ariane | 145684 132 157129 080 090 0.67
BlackParrot | 273187 24 265585 0.55 0.65 0.55

we evaluated our placer on four modern RISC-V designs,
including tinyRocket [41], SweRV [42], Ariane [43],
and BlackParrot [44]. The RTL designs were synthesized
using Yosys in OpenROAD project [45]. The heterogeneous
F2F stacking is set as NanGate 15 nm [39] on the top die and
NanGate 45 nm [40] on the bottom die. The HBT pitch size
w' is 1pum, and the HBT cost B is 10 for these designs. The
detailed design statistics are shown in Table III.

We implemented the proposed 3-D mixed-size placement
framework in C++ and CUDA based on the open-source placer
DREAMPIlace [21]. And we used Gurobi [46] as the MILP
solver. We set the z-bin size as dp = ([wp + hp]/2), and the
region Q2 depth is d, = N,dp. We empirically set the HBT
penalty factor as « = ao(dyn?/d;)10g(908n — 1) where g =
3.5 x 1073 and n = (2w//[RHT +RH™]), considering the
relationship between number of HBTs and design statistics.
All the experiments were performed on a Linux machine
with 20-core Intel Xeon Silver 4210R CPU (2.40 GHz), 1
GeForce RTX 3090Ti GPU, and 24-GB RAM. We compared
our framework with the SOTA placers from top-3 teams in
the ICCAD 2023 contest [25], and the reported results were
evaluated using the official evaluator provided by the contest.
We obtained the executables from the contest winners and ran
them on our machine with eight CPU threads following the
contest setting. Our placer was evaluated both on the CPU
with eight threads and on the GPU.

B. Comparison With SOTA Placers

Table IV shows the official raw score of top-3 teams and
our framework on the contest benchmarks. We also compared
the detailed score decomposition, including D2D HPWL and
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Iter. WL (107) #HBTs OVFL

Iter. WL (107) #HBTs OVFL

0 3.60 88507  1.00 1000 4.49 1254 0.89

Fig. 9.

Iter. WL (107) #HBTs OVFL
2142 10.51 13798  0.07

Iter. WL (107) #HBTs OVFL
1800 10.30 30961  0.34

3-D mixed-size global placement process on case3h with heterogeneous technology nodes. Macros and standard cells spread at the same speed

at the early global placement stage, leading to an optimized macro partitioning subsequently. The convergent placement solution with overflow 0.07 finds a

clear instance partitioning.

TABLE IV
Official RAW SCORE COMPARISON WITH TOP-3 WINNERS PROVIDED BY
ICCAD 2023 CONTEST. THE RAW SCORE = HPWL + g#HBTS.
B 1s 10 FOR ALL THE CASES

Bench. \ 1st Place 2nd Place 3rd Place Ours
case?2 16506066 16287082 16559126 15635352
case2hl 18123044 19055977 21180946 16569703
case2h2 18124483 19202109 21664974 16820960
case3 98928220 105647967 116317085 98206238
case3h 122459408 120820762 117889705 108166770
case4d 1047716115 1110850494 1131599485 1037676163
casedh 656528147 682231267 703663946 635259476

Average | 1.059 1.096 1.157 1.000

HBT number, and reported the runtime of each case with the
baselines in Table V. Our analytical 3-D placement framework
consistently obtained the best results for all the cases, as
shown in Table IV, demonstrating the significant advantage
of our 3-D placement paradigm with the dedicated density
model and bistratal wirelength model. Compared to the top-
3 teams, our placer achieved 5.9%, 9.6%, and 15.7% better
score on average, respectively. The score is dominated by the
wirelength due to the small HBT cost. Our placer obtained
better wirelength than the baselines on all the cases, using a
similar number of HBTs, as shown in Table V. When running
on a CPU, our placer shows similar runtime with the first
place and achieves 2.1x speedup over the third place. And
our framework demonstrates better scalability, achieving up
to 2.3x and 2.6x speedup over the first and third places,
respectively, on the large cases. While the second place is 2.9 x
faster than our placer, it is limited to 2-D placement engine
and yields lower-quality results. Additionally, our proposed
algorithms are suitable for GPU acceleration. Leveraging
the adaptive 3-D density accumulation and incremental wire-
length gradient algorithms, our GPU-accelerated placer shows
significant runtime improvements compared to the baselines.
Specifically, it achieves 4.0x and 7.8 x speedup over the first
and third places, respectively, and up to 1.8x speedup over
the second place on the large cases.

We also evaluated our framework on four modern RISC-
V designs, with experimental results shown in Table VI. The
second and third places obtained very low-quality results and
failed to generate legal solutions for more than two designs,

so their results have been omitted. The first place failed for
BlackParrot because of diverged 3-D global placement
and subsequent macro legalization error. In contrast, our placer
obtained legal placement solution across all tested designs.
Compared to the first place, our placer not only reduced
wirelength by a significant 20% but also achieved a 4.1x
speedup on CPU and a remarkable 12.0x speedup on GPU.

C. 3-D Mixed-Size Placement Analysis

The 3-D mixed-size global placement plays a dominant
role in our framework, which optimizes the D2D wirelength
while explicitly considering instance partitioning, visualized
in Fig. 9. Fillers, standard cells on the top die, and standard
cells on the bottom die are denoted by gray, purple, and
blue rectangles. The macros are colored in red on the top
die and colored in brown on the bottom die. The instance
depth is omitted for clear visualization. All the standard
cells and macros are randomly initialized around the center
of the region from a normal distribution. During the global
placement, the bistratal wirelength model effectively optimizes
instance locations in the 3-D solution space. The proposed 3-
D preconditioner allows macros and standard cells to spread
at the same speed, leading to an optimized macro partitioning
at a later stage. The customized density model finally drives
all the instances to exactly two dies.

D. Acceleration of Density and Wirelength Algorithms

We further investigate the efficiency of our proposed
density and wirelength algorithms. Fig. 10(a) compares our
adaptive 3-D density accumulation with the instance-parallel
approach [12]. Our approach achieves 4.7x speedup by
exploiting the abundant bin parallelism for macros, avoiding
the load balancing issue.

Fig. 10(b) compares our incremental wirelength gradient
algorithm with the vanilla approach in [12]. Our algorithm
reduces the time complexity from O(|P.|*) to O(|P,.|) for
calculating the z-gradient, resulting in 1.7x speedup.

E. Ablation Study on 3-D Mixed-Size Preconditioning

The 3-D mixed-size placement is a highly nonlinear,
nonconvex, and ill-conditioned problem. The heterogeneous

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on January 23,2025 at 03:28:07 UTC from IEEE Xplore. Restrictions apply.



412

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 44, NO. 2, FEBRUARY 2025

TABLE V

SCORE DECOMPOSITION COMPARED TO THE TOP-3 WINNERS ON THE ICCAD 2023 CONTEST BENCHMARK. RT(S) STANDS
FOR THE TOTAL RUNTIME. ALL THE BASELINES ARE EVALUATED ON OUR MACHINE WITH EIGHT CPU THREADS.

OUR PLACER IS EVALUATED BOTH ON THE CPU WITH EIGHT THREADS AND ON THE GPU

Bench 1st Place 2nd Place 3rd Place Ours-CPU Ours-GPU

. HPWL #HBTs RT HPWL #HBTs RT HPWL #HBTs RT HPWL #HBTs RT HPWL #HBTs RT
case2 16490836 1523 67 16277152 993 32 16537596 2153 144 15528810 1128 76 15622062 1329 38
case2hl 18121844 120 39 19047767 821 43 21156596 2435 160 16708363 1135 80 16556213 1349 35
case2h2 18123283 120 42 19193899 821 41 21640714 2426 162 16748148 1091 80 16807840 1312 36
case3 98706330 22189 534 105386847 26112 104 116022515 29457 602 97281904 10704 236 98081778 12446 92
case3h 122271798 18761 262 120770382 5038 104 117633295 25641 612 109386719 13224 239 108028790 13798 86
cased 1046106185 160993 3605 | 1108969124 188137 615 | 1130211865 138762 5309 | 1040202500 132109 3070 | 1036364973 131119 335
casedh 654962287 156586 1567 680554407 167686 592 702244786 141916 4492 634654510 133734 2640 633920946 133853 361
Average | 1.058 0.981 4.000 | 1.096 1.019 1.289 | 1.156 1.660 7.830 | 1.000 0.907 4.047 | 1.000 1.000 1.000

TABLE VI

EXPERIMENTAL RESULTS ON MODERN RISC-V DESIGNS. HPWL IS MEASURED IN uM. THE BASELINE IS EVALUATED ON OUR MACHINE WITH
EIGHT CPU THREADS. OUR PLACER IS EVALUATED BOTH ON THE CPU WITH EIGHT THREADS AND ON THE GPU

Bench 1st Place Ours-CPU Ours-GPU
. Score HPWL #HBTs RT Score HPWL #HBTs RT Score HPWL #HBTs RT
tinyRocket 206290 145830 6046 356 182559 130749 5181 104 181571 130631 5094 42
SweRV | 1020414 981634 3878 2208 924932 805952 11898 341 922004 800464 12154 108
Ariane | 1828336 1477246 35109 1009 1328717 1184607 14411 397 1311346 1174076 13727 142
BlackParrot NA NA NA NA 1586522 1488882 9764 640 1613662 1515872 9779 156
Average \ 1.212 1.200 1.355 12.009 \ 1.001 1.000 1.011 3.133 \ 1.000 1.000 1.000 1.000

HBTs bottom die

Fig. 10. Final layout of case3h after the detailed placement. Our MILP finds the optimized macro rotations, consequently improving wirelength. The eight
rotated macros are marked with numbers. The HBTs are sparsely placed to connect the instances on different dies.

Fig. 11.

(b)

between vanilla approach in [12] and ours on GPU.

Runtime comparison of (a) density and (b) wirelength algorithms
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E 0.5 Fig. 12. Wirelength and macro density overflow curves over global placement
5 0.2 iterations of different preconditioners on case4. The macro density overflow
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C

in ePlace [23], [24] and ePlace3-D [19], the 3-D global
placement will diverge or obtain very low-quality results with
wirelength increased by 30% on the ICCAD 2023 contest
benchmarks [25]. Fig. 12 shows the effect of our 3-D mixed-

scenarios make the problem even more complex. The pre-
conditioner should handle the large topological and physical
difference between macros and standard cells. Replacing our
proposed preconditioner with previous approaches adopted

size preconditioner on case4. And the trend for other
designs is similar. The previous approaches [19], [23], [24]
fail to stabilize the optimization of macro locations for the
whole process, causing macro density overflow oscillation and
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TABLE VII
RAW SCORE AND RUNTIME RESULTS OF OUR APPROACH WITHOUT AND
WITH MILP MACRO ROTATION. #ROT STANDS FOR THE NUMBER OF
ROTATED MACROS

Bench w/o. Rotation w. Rotation
enchl. Score RT Score RT #Rot
case? 15635352 38 15635352 38 0
case2hl 16569703 35 16569703 35 0
case2h?2 16820960 36 16820960 36 0
case3 100227409 91 98206238 92 6
case3h 111062583 88 108166770 86 8
case4d 1058535164 336 1037676163 335 8
casedh 645574820 346 635259476 361 8
Average \ 1.012 0.996 \ 1.000 1.000 -
TABLE VIII

RAW SCORE AND RUNTIME RESULTS FOR MULTIDIE 2-D GLOBAL
PLACEMENT FLOW AND 3-D MIXED-SIZE GLOBAL PLACEMENT FLOW.
rMA STANDS FOR THE MACRO AREA RATIO

Bench. MA multi-die 2D 3D mixed-size
Score RT Score RT
case2 0.88 15635352 38 17081257 33
case2hl | 0.88 16569703 35 17413812 36
case2h2 | 0.88 16820960 36 17701896 37
case3 0.71 98206238 92 101230278 118
case3h 0.67 108166770 86 112539329 100
cased 0.36 | 1064731451 299 1037676163 335
casedh 0.36 662128786 300 635259476 361
Average \ - \ 0.974 0.923 \ 1.000 1.000

wirelength divergence. In contrast, our preconditioner makes
the standard cells and macros equalized in the optimizer’s
perspective, enabling stable optimization.

F. Ablation Study on MILP Macro Rotation

Our MILP utilizes the physical information of the initial
3-D placement solution, finding the macro rotations with
optimal wirelength. The effect of MILP macro rotation is
shown in Table VII. Except for the cases with few extremely
large macros, our MILP finds the macro rotations leading
to better wirelength, achieving on average 1.2% wirelength
improvement. Since we only consider the nets connecting
to macros, the runtime overhead is negligible, and it takes
less than 1s for all the cases. Compared to other cases, we
observe a larger difference of global placement iterations
for casedh, leading to a larger runtime difference. The
final placement solution for case3h with macro rotation is
illustrated in Fig. 10.

G. Ablation Study on Placement Flow

Our framework adopts multidie 2-D global placement for
designs with a macro area ratio exceeding 50%, while 3-
D mixed-size global placement is utilized for other designs.
Table VIII presents the experimental results comparing these
two placement flows. We observe that multidie 2-D global
placement achieves 5.3% better score than 3-D mixed-size
global placement for designs with a large macro footprint. This
improvement is attributed to the removal of macro density

obstacle in the z-direction, which results in better-macro place-
ment results. Conversely, 3-D mixed-size global placement
excels in optimizing standard cell locations, obtaining 3.4%
better score compared to its counterpart.

VI. CONCLUSION

This article proposed a new analytical 3-D mixed-size place-
ment framework with full-scale GPU acceleration, leveraging
dedicated density and wirelength algorithms, for heteroge-
neous F2F bonded 3-D ICs. Our customized density model and
bistratal wirelength model, incorporating a novel 3-D precon-
ditioner, enable stable optimization for macros and standard
cells in a 3-D solution space. We further propose an MILP
formulation for macro rotation to optimize the wirelength.
Experimental results on ICCAD 2023 contest benchmarks
demonstrate that our framework significantly surpasses the
first-place winner by 5.9% on the quality of results with 4.0x
runtime speedup. Additional experiments on modern RISC-
V designs further validate the generalizability and superior
performance of our framework.

APPENDIX

We use notation ]_[CyC to represent multiplication over all
three dimensions, e.g., ]_[CyC fx) =f@f»)f(z) for any well-
defined function f. Function w(-) is a measure defined for any
measurable regions. In our 3-D regions, w@(-) stands for the
volume estimator w(-). To prove Theorem 1, we first present
a lemma.

Lemma 1: Denote D™?) = [x,dy] x [y,dy] x [z,d,] for
any (x,y,2) € Q. Then ¢(A®d), = (WD) N b)/u(b)]
holds for any bin b € B.

Proof: The total number of bins is |B| = N,NyN,. Consider
the normalized coordinate (X, y,2) = ([x/wp], [v/hp], [z/dp])
and arbitrary bin b with index (i, j, k). Clearly, we have b =
by X by x b; where by = [(i — Dwp, iwp], by = [(j — Dhp, jhp]
and b, = [(k — 1)dp, kdp]. Therefore, it must be true that

D& N p 1
Mﬁ@))— [t danby.

wphpdyp oye

€1y

Consider the x dimension only as the other two dimensions are
symmetric. If i < [X], we have i < X and then iwp < x, which
means w([x,dy]Nby) =0.1If i > [x], we have i — 1 > X and
then (i—1)wp > x, which means wu([x, dx]Nby) = w(by) = wp.
If i = [x], we have x € b, and then u([x, d] N by) = iwp — x.
Hence, we can summarize that

0, if i < [X]
,d] N b A1 — % i X

M AANP) g oriti=m G2)
wp 1, elsewhere.

On the other hand, consider function g(-) in (28). It is clear
that we have

[K1-%x  ifi=[x-1]
gli—3)={x+1-T8], ifi=[4] (33)
0, elsewhere
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for any integer i. Apply the 1-D prefix sum on this function,
then it is straightforward to see

i-1
Z g(i’ — 56)
/=0

according to (32). Now, consider the prefix sum of A3,
defined by P = @(A®Y-?). Combining (27)—~(29), we have

o w([x, d] N by)
= —wb

(34)

i—1 j—1 k=1
P = > > 8l =)l —3)s(k —2)
i'=0j=0k'=0
1 M(D(x,y,z) N b)
= — | Jux, di]Nby) = —-+—~  (35)
Wl 1;[ o u(b)
and therefore we obtain @ (A®Y-2), = [w(D%Y? N b)/ w(b)].
|

Now we are going to complete the proof to Theorem 1 with
the help of Lemma 1.

Proof: Denote up(2) = [u(2 Nb)/u(b)] for any measur-
able region 2. According to the inclusion-exclusion principle,
we have the following relationship:

w h dz
up(Dy) = Z — 0,050 Wp <D(x+ax 7. Yt0y5,2+0: 7 )) (36)
0y,0y,07

where variables oy, 0y, 0, are taken over {—1, 1}. The prefix
sum operator ¢ is linear. Hence, we have

w h dz
p(A)p = Z —oxa>,az¢<ﬂ<x+g"2’y toyg.eto: 4))
Ox,0y,07 b
= Z _O‘nyUsz(D<x+UX2’y+J}2’Z+U“4))
Ox,0y,07
w(Dy N b)
= up(Dy) = ———— (37
' u(b)
where the equation marked with symbol (%) holds according
to Lemma 1. The proof is completed. |
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