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Abstract—3D heterogeneous integration enables the integra-
tion of multiple heterogeneous chiplets into the same package
with the effective reduction of package size and interconnection
latency. According to the market requirement, chiplets with
robust re-usability and effective cost reduction can be selected
from a library to form different package products for enlarging
total profit. Since die-to-wafer (D2W) bonding enables the
chiplets with different sizes to be bonded in a package, it is a
more flexible option for 3D heterogeneous integration compared
with the conventional wafer-to-wafer (W2W) bonding. However,
this promising technique creates new issues, including 1) flexible
chiplet bonding enabling more than one chiplet to be bonded
with a base chiplet to construct multiple products and 2)
degraded bonding leading to the degradation of performance.
In this work, a distributed integer-linear-programming-based
(ILP-based) method is proposed to efficiently maximize the
profits of multiple package products considering the issues of
cost-addition 3D heterogeneous integration with D2W bonding.
Compared with the baseline, the distributed ILP-based method
can achieve the best profits while achieving a 5.96X speedup.
To the best of our knowledge, this is the first work to solve
the multi-product optimization problem for 3D heterogeneous
integration with D2W bonding.

I. INTRODUCTION

While transistor scaling is still important, the rising cost
and complexity have driven the industry to turn to advanced
packaging technologies. Nowadays, chiplet-based systems
supporting heterogeneous integration have been a tendency
for the cost-effective development of high-performance de-
signs. The heterogeneous integration roadmap identifies the
challenges and necessity to develop advanced packaging tech-
nologies [1]. Since hot applications, such as big data, need
large cache capacity, along with sizes in different memory
hierarchies, to improve the performance, 3D heterogeneous
integration has wide markets for the memory-bound design
(MBD) [2]. Fig. 1(a) shows the architecture of AMD 3D V-
Cache [2]-[4] which bonds a 64MB L3 Cache chiplet and a
base chiplet with eight cores. Intel [5] has announced their
high-performance computing (HPC) chip with eight cache
chiplets on top of a base chiplet as shown in Fig. 1(b). With
the development of packaging technologies, including fine-
pitch hybrid bonding, micro-bump bond, and nanowire bond,
new issues are emerging in the advanced chiplet bonding of
3D heterogeneous integration.

Die-to-wafer (D2W) bonding is a promising bonding tech-
nique for advanced packages benefiting from high yield and
supporting high-density heterogeneous designs [6]. Compared
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Fig. 1 The illustration of 3D heterogeneous integration with
D2W bonding. (a) 3D heterogeneous integration: AMD 3D V-
Cache. (b) 3D heterogeneous integration: Intel Ponte Vecchio.
(c) After the KGD test, wafer probing, and manufacture bond-
ing statistics, those electrical latency variation parameters are
available for D2W bonding.

with wafer-to-wafer (W2W) bonding, which is widely imple-
mented by industries, D2W bonding offers more flexibility
about chiplet sizes, enabling 1) the mismatch of chiplet
footprint and 2) bonding multiple small chiplets to a base
chiplet [7]. The known good die (KGD) process of D2W
bonding and, usually, smaller top dies allows yield improve-
ment in comparison to W2W bonding [6]. Recently, multiple
institutions have made major promotions to develop high-
quality D2W bonding techniques [6]—[8]. Fig. 1(c) shows the
process of D2W bonding. The top chiplets of 3D packages
are selected and placed on the base chiplets belonging to
the same wafer. The issues of 3D heterogeneous integration
with D2W bonding are solved in this work to improve the
economic benefits of package products.

Process variation, parametric yield, and product profits are
the conventional issues related to the bonding process and
solutions [9]-[11]. Process variation is the change of the
electrical parameters different from the original intent of de-
signers. As shown in Fig. 1(c), the latency of the base chiplets
in the same wafer is different due to the process variation.



Parametric yield is the number of functional chiplets that meet
the required constraints, such as performance. However, the
parametric yield is not the ultimate objective of package prod-
ucts since the companies pursue maximized profits over best-
sellable volume mixes. Considering the profits of packages
are determined in the bonding stage, the objective of this
work is to maximize the total profits of multiple high-end-
market-segment products, which is one of the most important
objectives of today’s relatively costly 3D-IC packages.

In addition to the conventional issues, 3D heterogeneous
integration with D2W bonding creates new issues, including
1) the flexible chiplet bonding of 3D heterogeneous integra-
tion enabling more than one top chiplet to be bonded with
a base chiplet and 2) the degraded bonding leads to the
degeneration of performance. To adequately take advantage
of the flexibility of 3D heterogeneous integration with D2W
bonding, the problem of bonding more than one chiplet to the
base chiplet is solved in this work. As shown in Fig. 1(c),
one or two top chiplet(s) can be bonded to a base chiplet. For
D2W bonding, the deformity of the bond leads to changes
in link resistance, which increases the bonding latency [12],
[13]. Before D2W bonding, prior individual die electrical
measurement, e.g., die or wafer probing, and bonding elec-
trical manufacture statistics, bonding base chiplets close to
the edge of the wafer with higher mechanical stress/warpage,
could be derived. In this work, high-risk positions of bond
deformity, vertical alignment offset, bond strength/RC varia-
tion, etc., are identified to better estimate the performance of
packages. Our work can be applied to hybrid bonding, micro-
bump bonding, or future 3D bonding that brings denser, lower
electric parasitics, or cheaper process. The method proposed
in this work can provide efficient planning for advanced D2W
bonding techniques, including collective D2W bonding and
direct placement D2W bonding. Without loss generality, we
will use the x86 AMD cache bond example to illustrate. As
shown in Fig. 1(c), based on prior statistics, the standard
latency of bonds is 0.9 a.u. (arbitrary unit), however, the
latency of degraded bonding is 1.2 a.u.

A. Previous Work

In this section, the problem solved in this work is compared
with that of previous work. Furthermore, the drawbacks of
applying previous methods for 3D heterogeneous integration
with D2W bonding and the necessity of designing a more
effective method are illustrated. Fig. 2 shows the comparison
of the problems between this work and previous work. Firstly,
the problem solved in this work will be introduced. Without
loss of generality, five top chiplets tc; can be bonded with
three base chiplets bc; at different locations of one wafer.
Each base chiplet already has a built-in 64 MB L3-Cache
and a set of cores. Each top chiplet mainly has a 32 MB
L3-Cache. Base chiplets and top chiplets can have different
technology nodes. Post-silicon process will program the final
capacity. If one top chiplet is bonded with a base chiplet,
one of the two 32 MB L3-Cache of the base chiplet is
connected vertically to the top chiplet, which means the
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Fig. 2 The illustration of the problem solved in this work and
previous work.

package product has 64 MB L3-Cache. If two top chiplets
are bonded with a base chiplet, the 64 MB L3-Cache (both
32 MB L3-Cahce components) of the base chiplet is used,
which means the package product has 128 MB L3-Cache.
The bonded packages should be assigned to different stock
keeping units (SKUs) s;, which categorize the packages based
on the architectural parameters, such as L3-Cache capacity.
Each SKU has different product bins pb; which limit the
value interval of the architectural performance parameters,
such as cycles per instruction or frequency, or watt, of
the products with marketing required quantity. Cycles per
instruction is in use for this paper to illustrate our method.
The package products identify the top chiplet(s), base chiplet,
and corresponding product bin. Each base chiplet can be
bonded with one or two top chiplet(s). The objective is
to maximize the total profits of multiple package products.
The process of this problem corresponds to 2 and @) in
Fig. 2. One or two chiplet(s) can be bonded with each base
chiplet. Then, the bonded package products are assigned
to proper product bins according to L3-Cache capacity and
performance parameters.

Siddharth er al. [9], [10] propose two methods that can
be applied to bond only one top die to a base die with the
same size for a 2-layer 3D IC design corresponding to (D) in
Fig. 2. Considering 3D heterogeneous integration, previous
work can be used to bond only one top chiplet with one base
chiplet as shown in Fig. 3(b). Therefore, package products
can only be assigned to the product bins belonging to s;
which has 64 MB L3-Cache and lower profit compared with
s9. The architectural simulation method used in this work is
applied for the examples in Fig. 3. According to simulation
results and the parameter intervals of product bins, package
products are assigned to the corresponding product bins. The
total profits are $1274 for the case shown in Fig. 3(b).

To tackle the problem solved in this work, the previous
work should be extended to incrementally bond the second
top chiplet for achieving larger profits since the package
products with two top chiplets have 128 MB L3-Cache,
and can be assigned to sy which has larger profits. In the
incremental stage, tcy, tca, and tcs have been bonded with
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Fig. 3 The comparison between previous work and multi-
product optimization.

the three base chiplets. Only tcy and tcs can be selected to
be bonded with the initial integrations. The solution is shown
in Fig. 3(c). The total profits are $1374 for the case shown
in Fig. 3(c).

The multi-product optimization problems have been stud-
ied in many fields, such as physical design [14]. For the multi-
product optimization problem in this work, the extension of
previous work [9], [10] cannot achieve the global optimal
solution. Simultaneously optimizing the bonding of two top
chiplets can lead to the global optimal solution as shown in
Fig. 3(d). The total profits are $1384 for the case shown in
Fig. 3(d). Since each wafer has many of base chiplets with
high cost for the high-end market after extra 3D bonding,
the gap between the solutions of previous work and the
global optimal solution is much more significant. With the
development of technology nodes, the optimality gap will be
larger and larger. Therefore, an effective method is necessary
for the multi-product optimization problem.

B. Challenges

In this section, the challenges of multi-product optimiza-
tion are analyzed. The problem solved by previous work [9],
[10] can be regarded as a bipartite matching problem since
only one top chiplet can be bonded with a base chiplet for
a 2-layer 3D IC design. However, bonding more than one
top chiplet to a base chiplet is completely different and more
complicated.

Firstly, the performance of a package should be simulated
based on the parameters of all chiplets. Therefore, initial
integrations, such as the integrations in Fig. 3(b), cannot
generate effective architectural simulation results for the
potential products with more than one top chiplet by previous
works. The initial integrations cannot provide valid guides
for the subsequent incremental bonding stage if the previous
work is applied to the problem of this work.

Then, architectural simulation results are not linearly
changed with the variation of the number of top chiplets.
All the combinations of top chiplets should be considered to

solve the problem in this work. Therefore, bonding one or
two chiplet(s) with a base chiplet is difficult to be solved by
previous graph-based methods such as the bipartite matching
method of [10], since different combinations with the same
top chiplet lead to conflicts in a graph.

Last but not least, considering all the combinations of top
chiplets dramatically increases the complexity of the multi-
product optimization problem. Hence, an efficient method is
necessary to solve the problem.

C. Our Contributions

In this paper, the multi-product optimization problem for
3D heterogeneous integration with D2W bonding is formu-
lated, and an efficient method is designed to maximize the
profits of package products. The major contributions:

« To the best of our knowledge, this is the first work to
solve the issues of 3D heterogeneous integration with
D2W bonding, including the flexible chiplet bonding and
the degraded bonding, for the maximization of package
profits.

« The flexible chiplet bonding of 3D heterogeneous inte-
gration with D2W bonding enables more than one top
chiplet to be bonded with a base chiplet to construct
products with higher architectural parameters, such as
L3-Cache capacity, and larger profits.

o The degraded bonding effect is formulated to better
estimate the performance of packages, which enables
the packages to be assigned to the correct product bins.

o A distributed ILP-based (DILP) method is proposed
regarding the nature of the problem. Compared with
the baseline, which extends the previous work for the
problem solved in this work, DILP can achieve a 5.96X
speedup and the largest total profits. Furthermore, DILP
can provide effective hints for users.

This paper is organized as follows. Section II presents the
architectural simulation method for computing performance
parameters, the issues of 3D heterogeneous integration and
D2W bonding, and the problem formulation. Section III
introduces the technical details of the proposed methods.
Section IV and Section V present the experimental analysis
and conclusion, respectively.

II. PRELIMINARIES
A. Terminologies and Notations

The following terminologies and notations are used:

o TC = {tc; | 1 <i < |TC|} is the set of top chiplets.
Each top chiplet has the following parameters: latency
and the capacity of L3-Cache. Due to process variation,
the chiplets have different latencies.

e BC = {bc; | 1 < i < |BCJ} is the set of base
chiplets from the same wafer. Each base chiplet has a
latency parameter, a set of cores, 64 MB L3-Cache, and
is identified as whether it has degraded bonding which
affects the bonding latency and chiplet latency. Post-
silicon process will program the final capacity. If one top



chiplet is bonded with a base chiplet, one of the two 32
MB L3-Cache of the base chiplet is connected vertically
to the top chiplet. If two top chiplets are bonded with
a base chiplet, the 64 MB L3-Cache (both 32 MB L3-
Cahce components) of the base chiplet is used. Due to
process variation, the chiplets have different latencies.

e S ={s; | 1 <i<|S|}is the set of stock keeping
units (SKUs). SKU is a distinct type of item for sale
in inventory. All attributes associated with the item type
are used to distinguish it from other item types. In this
work, each SKU has an L3-Cache capacity attribute to
classify package products into different broad categories.
Furthermore, each SKU has three product bins.

e PB={pb; |1<i<|PB|} is the set of product bins.
A Product bin belonging to an SKU is used to categorize
package products according to performance. In this
work, each product bin has the following attributes:
corresponding SKU, the maximum count of package
products, the lower bound of CPI, the upper bound of
CPI, and the profit of each package product.

e PP = {pp; | 1 < i < |PP|} is the set
of package products. Each package product pp; =
{(ptci,, ptei,, pbej, ppbr) | pte;, € TC, pte;, €
TC or pte;,, = void, pbc; € BC, ppby, € PB} has
the following parameters: latency, CPI, and profit. void
means no second top chiplet ptc;, should be bonded to
the base chiplet pbc;.

B. Architectural Performance Simulation Method

All the parameters of each chiplet are tested before D2W
bonding. In this work, cycles per instruction (CPI) is simu-
lated using the existing methods from [9], [15], [16]. Based
on the following architectural simulation method, the CPI
of each package product can be calculated from the known
latency of each component. Note that any simulation method
and any parameter can be applied in this work, since the
parameters of each potential bonding product are calculated
before the bonding process. The latency of each package
product pp; is calculated as below [9]:

latpp, = maz(latpte, ,latpie,,) + latppe; + latpona, (1)

where latpond, latpth,l, latptciz, and latype; represent the
latency of bond, ptc;,, ptc;,, and pbc;, respectively. latyoiq
is zero. The CPI of each package product pp; is calculated
as below [15]:

CPI,,, = staCPI + a1 x (laty,, — stalat),  (2)

where staCPI, stalat, and «; represent the standard CPI,
standard latency, and coefficient generated from the statistic,
respectively. The staC' PI can be calculated as below [15]:

staCPI = ag x MP + (31, 3)

where M P, as, and (; are the penalty of cache miss and
coefficients generated from statistics, respectively. Since M P
is different for the packages with different L3-Cache capacity,
we have the following equation:

]\4—Ppi§ci2 #void = CF x BF x MPptci2 =wvoid» (4)

where MP,,tci2 +voids MP]DtCi2 —voids CF, and BF represent
the penalty of cache miss for the packages with two top
chiplets, the penalty of cache miss for the packages with one
top chiplet, the factor for large cache capacity, and the factor
for degraded bonding effect, respectively.

C. The New lIssues of Problem

To adequately take advantage of the flexibility of 3D
heterogeneous integration, bonding one or two top chiplet(s)
to a base chiplet is considered in this work as shown in
Fig. 1(c). Since the selection of the number of top chiplets
for each base chiplet and assigning packages to appropriate
product bins according to the attributes cannot be easily
solved within the same graph, the graph-based methods, like
[10], are not applied in this work. The ILP-based methods
are proposed for the complicated problem.

To better estimate the parameters of D2W bonding, the
degraded bonding caused by the bonding deformity, which
is a significant problem for promising hybrid bonding, is
formulated. Before D2W bonding, prior statistics could be
derived such as bonding base chiplets close to the edge of
the wafer. The base chiplets on the positions with the high
risks of bonding deformity will have large bonding latency
latpong and large bonding factor BF'.

D. Problem Formulation

The multi-product optimization for 3D heterogeneous in-

tegration with D2W bonding is formulated as below:

« Given a set of top chiplets, a set of bottom chiplets from
the same wafer, a set of SKUs, and a set of product bins,
one or two top chiplet(s) should be bonded with one base
chiplet to construct a package product, and the package
products should be assigned to appropriate product bins
according to the attributes (the L3-Cache capacity, the
interval of CPI, and the maximum count) such that the
total profits of package products are maximized.

III. TECHNICAL DETAILS

The method proposed in this work, distributed ILP-based
method (DILP), and the baseline extending previous work to
fit the problem of work are introduced in this section.

Firstly, a one-pass ILP (OPILP) model is constructed
to solve the complete problem. Since the model of OPILP
is complicated, OPILP is not efficient enough to generate
effective solutions within acceptable runtime and memory.
Therefore, DILP, fusing OPILP, is proposed to solve the prob-
lem in several batches based on a fixed-interval extraction
method and a propagation method considering the nature
of the problem. Then, a baseline extending previous work [9],
[10] is proposed for the comparison with DILP to show the
efficiency of DILP. According to the analysis of Section I,
previous work [9], [10] cannot directly solve the problem of
this work. To modify the previous work to tackle the problem
of this work, the baseline with two stages, the first stage of
bonding one top chiplet and the second stage of incrementally



TABLE I The notations used in the ILP models

[ Notation | Type | Meaning |
Constant
Dijk 0-1 identify if ¢-th component bonded with
j-th component can be assigned to pby,
Tk real the profit of pby
png integer the maximum count of pby
Variable
tij 0-1 identify if ¢-th component is bonded to
J-th component
Da; .k 0-1 identify if ¢-th component bonded with
j-th component is assigned to pby,

bonding the second chiplet, are proposed. The previous work
[9], [10] can only solve the problem of the first stage. In the
first stage, each base chiplet is bonded with one top chiplet
based on an ILP model like previous work [9], [10]. In the
second stage, the bonded base chiplets are considered to be
bonded with the second top chiplets, and the packages are
assigned to proper product bins to maximize the total profits
based on an ILP model. Experimental results show that DILP
has the best efficiency compared with the baseline.

The technical details of the proposed methods will be
shown below. The notations used in the ILP models are
shown in TABLE I. “Components” represent different items
in different models. For example, “i-th component” and “j-th
component” represent the top chiplet and base chiplet in the
first stage of the baseline, respectively.

A. One-Pass ILP Method

The multi-product problem is formulated as an ILP prob-
lem and solved by an ILP solver. To achieve the integration
of one or two top chiplet(s), a set of fop chiplet integration
is defined as TCI = {tci; | 1 < i < |[TCI|}. As shown
in Fig. 4, TC is transformed into T'C'[ at first. Each tci;
is constructed by two top chiplets. It is regarded as the
integration of one top chiplet when the combined two top
chiplets are the same top chiplets. For example, tci; only
includes one top chiplet tc;. T'C'I and the combinations
of T'C' have a bijection relationship. For each top chiplet
pair tc; and tc;, the combination of the pair corresponds
to tciiio1) e During the D2W bonding, T'C'I is bonded
with BC. Since a top chiplet can only be bonded with one
base chiplet, only one item of the subset of T'C'I, where
the items tci; have the same top chiplets, can be used
for bonding. For example, since both tciy and tciy include
top chiplet tci, only one of tcio and tciy can be bonded
with base chiplets. Therefore, a conflict set is defined as
CS = {es; | 1 < i < |CS|} as shown in Fig. 4. Each
cs; is the subset of T'C1, i.e., cs; C TCI, Ves; € CS. The
number of conflicts is the same as the number of top chiplets,
ie., |CS|=1|TC]|.

To realize the desired design purposes, the following con-
straints should be satisfied. Each tci; can only be bonded
with one base chiplet and thus can be constrained as:

Z ti; <1, Vtei; € TOI. 5)
ijEBC
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Fig. 4 The illustration of the D2W bonding of OPILP.

For each base chiplet bc;, it can only be bonded with one
top chiplet integration and thus can be constrained as:

> ti; <1, Vbe; € BC. (6)
tei, €TCI
For the top chiplet integrations belonging to the same
conflict cs,, they can only be bonded with one base chiplet
and thus can be constrained as:

> Y tij <1, Ves, € CS. (7)

tci €Ecso ij eBC

For each package product, it should be assigned to the
appropriate product bin according to the attributes and thus
can be constrained as:

DP8ijk < Pijks

8
Vici; € TCI, be; € BC, Vpby € PB. ®

For each bonding solution, it should be assigned to an
appropriate product bin and thus can be constrained as:

> paijn =tij, Vici; € TCI, Vbe; € BC. (9)
pbrEPB

Since the number of products in a product bin pby cannot
exceed the limited count, it can be constrained as:

Y. D paigk <pm, Ypb € PB. (10)
bCJ‘ €BC tci; €TCI

Finally, the objective can be formulated as:

max Z Z Z DQ; j kX T. (11

pbr€PB be; € BC tci;eTCIT
B. Distributed ILP-Based Method

Since |TCI| = w, the number of TCIT is
O(|TC|?), which significantly increases the parameters and
constraints in the ILP model of OPILP. In this section, a
distributed ILP-based method is proposed to improve the
efficiency of OPILP. Therefore, the complexity of ILP models
can be effectively reduced.

Algorithm 1 shows the pseudo-code of DILP, and Fig. 5
gives the illustration of DILP. DILP partitions the chiplets
into different batches. Each batch has a similar distribution
to the original data set by using a fixed-interval extraction
method (line 1). In Fig. 5, the data set is partitioned into
three batches. Based on the fixed-interval extraction method,



Algorithm 1: Distributed ILP-Based (DILP) Method

Input: batch number bn, propagation limitation pl, top chiplet set
TC, base chiplet set BC, product bin set PB, design
parameters.

Output: package product set PP.

1 Generate batch set B based on bn ;
2 for each batch b; € B do

3 Initialize the parameters and constraints of OPILP model ;
4 Solve OPILP model ;

5 Find the leftover chiplet set LC' based on pl ;

6 if ¢ < |B| then

7 L bi+1 «~— LC 5

8 Update the count of PB ;

9 Record current package product set CPP ;

10 PP« CPP;

the data with the interval of 3, which is the number of batches,
is extracted and assigned to the same batch. Since the original
data is ordered based on the latency, the data of each batch
has a similar distribution to the original data set. In this way,
the solution of each batch can approach the solution generated
by using OPILP for the original data set.

Then, the data of each batch is processed based on OPILP
(lines 3-4). Since the parameters and constraints of the ILP
model of each batch are effectively reduced by partitioning
the original data set, the complexity of DILP is reduced
compared with that of OPILP. The numbers of TC'I and
BC in each batch are O((lq;—gl)Q) and O(%). Furthermore,
the quality of the solution of each batch can be guaranteed
based on OPILP. To make the solutions of DILP closer to
the solutions of OPILP applying for the original data set, a
propagation method is proposed. The package products and
leftover chiplets are generated after solving the OPILP of
each batch. The leftover chiplets with higher performance
are selected and propagated to the next batch for improving
the quality of global solutions (lines 5-7). The number of
selected leftover chiplets, which is pl in Algorithm 1, is
defined by users. Finally, the count of the leftover products
in each product bin is updated and the solution of each batch
is recorded (lines 8-10).

C. Baseline

To modify the previous work to tackle the problem of this
work, the baseline with two stages, the first stage of bonding
one top chiplet and the second stage of incrementally bonding
the second chiplet, are proposed. The previous work [9], [10]
can only solve the problem of the first stage. In the first stage,
each base chiplet is bonded with one top chiplet based on an
ILP model like previous work [9], [10]. In the second stage,
the bonded base chiplets are considered to be bonded with the
second top chiplets, and the packages are assigned to proper
product bins to maximize the total profits based on an ILP
model.

In the first stage, each base chiplet is bonded with one
top chiplet. The ILP model in this stage has similar formulas
with Equations (5) and (6). However, “i-th component” and
“j-th component” corresponding to ¢; ; are related to the top
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Fig. 5 The illustration of DILP.

chiplet and base chiplet, respectively. Therefore, the number
of the set of “i-th component” is O(|T'C|). For each base
chiplet, it should be bonded with one top chiplet and thus
can be constrained as:

> tij=1, Vbe; € BC. (12)

te;, €TC

For each top chiplet, it can be bounded with one base chiplet
or not used and thus can be constrained as:

Dty <1, Vie; € TC. (13)
ijGBC

The objective of the first stage is to minimize the total CPI
of the intermediate products. Therefore, the objective can be
formulated as:

min Y >t x epiig, (14)

be; EBC te; €TC

where cpi; ; represents the CPI of the package bonding bc;
and tc;. Each intermediate product includes one top chiplet
and one base chiplet.

In the second stage, the leftover top chiplets are considered
to be bonded with the intermediate products. The ILP model
in this stage has similar constraints with Equations (5), (6)
and (8) to (10). Equation (7) is not necessary since bonding
the second top chiplet incrementally has no conflict with
the top chiplets. However, the “i-th component” and “j-th
component” of all parameters are related to the leftover top
chiplet and intermediate product, respectively. The number
of the set of “i-th component” is O(|T'C| — |BC|). Since
the intermediate product can have no second top chiplet,
a component “void” means no top chiplet belongs to “i-th
component”, and it does not have the constraints of Equa-
tion (5). The set of leftover top chiplets can be denoted as
LTC = {ite; | te; € TC is not used in the first stage} +
{void}. The set of intermediate products can be denoted as
IP = {ip; | 1 < j < |BC|}. Each lte; € LTC, ltc; # void,
can only be bonded with one intermediate product and thus
can be constrained as:

> tij <1, lte; € LTC, lte; # void. — (15)
ip;€IP



TABLE II The setting of product bins
[ pbid [ sid [ Price ($) | Count Ratio [ Ibcpi [ ubcpi |

0 0 476 0.125 0.000 | 0.189
1 0 399 0.250 0.189 | 0.192
2 0 322 0.125 0.192 | 0.200
3 1 536 0.125 0.000 | 0.149
4 1 449 0.250 0.149 | 0.152
5 1 362 0.125 0.152 | 0.160

The constraint Equation (15) is not set for ltc; = void. For
each intermediate product ip;, it can be bonded with one
leftover top chiplet or void and thus can be constrained as:

>ty <1, Vip; € IP. (16)
lte,eLTC

The objective of the second stage is also to maximize the
total profit similar to Equation (11). It can be formulated as:

max Z Z Z Pa; j ) X T (17)

pbr€PBltc;€LTC ip;€IP
lte;#void
However, since it is impossible to maximize profits in
the first stage as it is not determined whether to bond the
second top chiplets, the quality of the baseline is significantly
reduced. Experimental results show that DILP can achieve the
largest total profit compared with the baseline.

IV. EXPERIMENTAL RESULTS

The proposed methods in this work are implemented in
C++ language on a Linux server with 64 GB memory. The
Gurobi optimizer [17] is adopted in this work to solve the
ILP models. Since the problem can be regarded as bonding
chiplets for a base wafer, the testcase is generated for the
wafer with 300 mm diameter. The mainstream wafer size is
300 mm. The number of base chiplets in a wafer is calculated
based on [18]-[20]:

2 Va
Todye ), ()

where cpw, wg, a represent the number of chiplet per
wafer, the diameter of the wafer, and the area of a chiplet,
respectively. The number of base chiplets in a wafer is 538.

The number of top chiplets is set to 1.5X of the number of
base chiplets. As a result, the number of top chiplets is 807.

cpw = |(

A. Experimental Setup

In our implementation, there are two SKUs for 64 MB L3-
Cache designs, i.e., the package products with one top chiplet,
and 128 MB L3-Cache designs, i.e., the package products
with two top chiplets. Each SKU has three product bins with
different CPI intervals. The CPI of each package product is
calculated from the latency of chiplets and bonds based on the
architectural simulation method introduced in Section II-B.
The setting of product bins is shown in TABLE II. “pbid”,
“sid”, “Price”, “Count Ratio”, “lb.p;”, and “ub.p;” represent
the index of product bin, the index of SKU, the price of each
product in the bin, the number of package products in each
bin to the number of total products, the lower bound of CPI

TABLE III The setting of parameters

[ Parameter [ Value [ Ref [[ Parameter [  Value | Ref |
latye 11.49 a.u. [22] latyond 0.90 a.u. [23]
pplatiic 13.84 a.u. [22] pplatate 12.50 a.u. [15]
latite 1.45 a.u. * latote 0.11 a.u. *
areap. 122 mm? [2] aredte 41 mm? [2]
Wy 300 mm [24] PPCPiite 0.19 [25]
PPCPiate 0.15 [15] M Poyc 0.24 [15]
MPite 0.43 [15] CF 0.50 #
BF 1.10 # ay 0.0005 [15]
g 0.18 [15] 51 0.11 [15]

* Calculated based on the simulation method in the Section II-B.
# Setting based on the experience.

of each product bin, and the upper bound of CPI of each
product bin, respectively. The package products belonging
to the SKU, whose id is 0, have only one top chiplet. The
package products belonging to the SKU, whose id is 1, have
two top chiplets. The prices of TABLE II are generated based
on the data of [21].

The parameters used for architectural simulation are shown
in TABLE III. The first column and the fourth column show
the parameters used by the architectural simulation method.
The second column and the fifth column show the values
of the parameters. The third column and the sixth column
show the sources of values. laty. and pplati:. represent the
latency of the base chiplet and the package with only one
top chiplet, respectively. The values of laty. and pplatis.
are estimated based on the test results of AMD 3D V-Cache
released in [22]. latyong represents the latency of bonds which
is estimated based on the latency of related interconnection
components [23]. pplatas. represents the latency of the pack-
age with two top chiplets. The value of pplats,. is calculated
based on the statistics of [15] and pplatiic. latii. and lato.
represent the latency of one top chiplet and the latency of
the integration of two top chiplets, respectively. The values of
latys. and latyy. are calculated based on Equation (1) and the
values of latpe, latpond, pplatise, and pplatoy.. areap. and
areay. represent the area of a base chiplet and a top chiplet,
respectively. The values of areay. and area;. are estimated
based on the area of the chiplets of AMD 3D V-Cache [2]. wyq
represents the mainstream wafer size [24]. ppcpiqs. represents
the CPI of the package product with only one top chiplet
which is estimated based on the test results released in [25].
ppcpiay. represents the CPI of the package product with two
top chiplets which is calculated based on the statistics of
[15] and ppcpivte. M Pite, M Pate, CF, and BF represent
the penalty of the cache miss of the packages with one top
chiplet, the penalty of the cache miss of the packages with
two top chiplets, the factor for large cache capacity, and the
factor for degraded bonding effect, respectively. M Py, and
M Ps;. are estimated based on the statistics of [15]. aq, s,
and B represent the coefficients of architectural simulation,
which are generated based on the statistics of [15].

latye, latiye, and latoy., which are the latency of base
chiplet and top chiplet(s) shown in TABLE III, are the
standard latency generated from the statistics [15], [22]. The
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Fig. 6 The distribution of Top chiplet latency.

Base Chiplet Number

10 11 12 13 14 15

Base Chiplet Latency (a.u.)

Fig. 7 The distribution of base chiplet latency.

TABLE IV The comparison between DILP and the baseline
[ Method [ Profits (§) | Runtime (s) |

Baseline 133412 9813.19
DILP 135874 1646.00
Ratio 1.02 5.96

method introduced in [10], which creates process variation
by Gaussian distribution, is used in this work to generate the
testcase based on the standard latency values. The latency
distribution of top chiplets is shown in Fig. 6. The latency
distribution of the base chiplets from a 300 mm wafer is
shown in Fig. 7.

B. The Comparison between the baseline and DILP

The experimental results of the baseline and DILP are
shown in TABLE IV. The baseline, which is introduced in
Section III-C, extends the previous work [9], [10] to fit the
problem of this work. Compared with the baseline, DILP can
achieve the largest total profits with a 5.96X speedup.

The product distribution of the baseline solution is shown
in Fig. 8. The product distribution of the DILP solution is
shown in Fig. 9. The first three product bins belong to the
SKU with 64 MB L3-Cache. The last three product bins
belong to the SKU with 128 MB L3-Cache. The product
bins with lower CPI have larger profits. “Max” represents
the maximum count of product bins. “Solution” represents
the number of the products of the solution in each product
bin. Fig. 8 and Fig. 9 show that both the baseline and DILP
prefer to construct the products with the medial performance
intervals to maximize total profits. However, DILP has the
better ability to assemble chiplets for all product bins to
achieve larger total profits.

135 135 135 135
u Solution m Max

Product Nu

476 399 322 536 449 362
Product Bin Profit ($)

Fig. 8 The distribution of the products of the baseline.

135 135 135 135
u Solution m Max

Product Number

476 399 322 536 449 362
Product Bin Profit ($)

Fig. 9 The distribution of the products of DILP.

C. Experimental Analysis

Based on the distribution of the products of DILP, the
following design rules can be summarized:

o Experimental results show that the product bins with
medial performance intervals can achieve better total
profits. Based on the solutions of DILP, users can change
the maximum counts or the performance intervals of
product bins to maximize the total profits.

« In this work, the performance interval of each product
bin is strict, which leads to the leftover chiplets are not
used for any product bin. Based on the solutions of
DILP, users can think about strategies to properly use
the leftover chiplets to form new products.

V. CONCLUSION AND FUTURE WORK

The promising tendency, 3D heterogeneous integration
with D2W bonding, creates new challenges. To the best of
our knowledge, this is the first work to overcome the new
issues of the multi-product optimization problem including
flexible chiplet bonding and degraded bonding. A distributed
ILP-based method is proposed to efficiently maximize profits
and provide hints for users.

In the future, we will generalize this work for multi-layer
integration with n top chiplet and consider defect-recoverable
banks with less than unit cache size for more SKUs to
increase overall profits if marketable segments exist.
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