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ABSTRACT

Mitigating losses from supply and demand volatility in the
semiconductor supply chain and market has traditionally been
cast as a logistics and forecasting problem. We investigate
how the architecture of a family of chips influences how it
is affected by supply and demand uncertainties. We observe
that semiconductor supply chains become fragile, in part, due
to single demand paths, where one chip can satisfy only one
demand. Chip architects can enable multiple paths to satisfy a
chip demand, which improves supply chain resilience. Based
on this observation, we study composition and adaptation as
architectural strategies to improve resilience to volatility and
also introduce a third strategy of dispersion. These strategies
allow multiple paths to satisfy a given chip demand. We
develop a model to analyze the impact of these architectural
techniques on supply chain costs under different regimes
of uncertainties and evaluate what happens when they are
combined. We present several interesting and even counter-
intuitive observations about the product configurations and
market conditions where these interventions are impactful
and where they are not. In all, we show that product redesign
supported by architectural changes can mitigate nearly half
of the losses caused by supply and demand volatility. As far
as we know, this is the first such investigation concerning
chip architecture.

1. INTRODUCTION

Chip shortages are front and center these days. Mismatches
between supply and demand continue to wreak havoc on our
lives—affecting the supply of computers [61] and automo-
biles [49], and are even implicated in inflation [52].

While public awareness of supply and demand swings af-
fecting the semiconductor industry is at an all-time high, the
problem is not new. Figure 1a shows the number of PCs
shipped per quarter by Hewlett-Packard, ASUS, and the mar-
ket as a whole [8,9,10,11,12,13,14,15,16,17,18,19,20,21].
We take the average of HP shipments and scale up/scale down
the ASUS shipments and Total PC Market shipment volumes
to that value. This is to visualize the amount of variance
in the sales numbers on a similar scale. The shipping vol-
umes in the overall PC industry show a standard deviation of

27.8% of the mean over the past four years. Notice individual
vendors show more variance than the whole industry (11%
additional standard deviation). Variance in semiconductor
revenue over the last 30 years [22] (Figure 1c) illustrates the
same issue. Averaged over 30 years, revenue varies over a
moving average forecast with a standard deviation of 12% of
profit, and individual years see deviations of more than 25%.
The fraction of foundry capacity used [5] also varies greatly
due to market volatility.

Supply and demand volatility has only worsened in recent
years as factors of uncertainty in the semiconductor industry
are intensifying. On the supply side, climate change is in-
creasing the chance of fires, droughts and winter storms that
affect foundries [67], [83]; rising geopolitical tensions [76]
[60] are raising the chance of trade embargoes that disconnect
entire markets/suppliers from the world system; and increas-
ingly complex designs and lithography techniques are steadily
reducing the number of facilities that can make cutting-edge
chips [71]. Demand for chips is also increasingly volatile as
they are used in more and more applications that, with little
substitutability among applications (e.g., spike in demand of
GPUs when cryptocurrency values surge), cannot be fulfilled
by slump or average demand in another application. This
volatility may have a steep cost, as Table 1 shows for some
recent unforeseen events.

How can this problem be addressed? Given the inherent
characteristics of semiconductors and their production (short
product life times [84], long lead times [77], etc.) and the
fact that modifying semiconductor production takes several
years [58], little can be done in the short term to improve
semiconductor supply. While forecasts of demand can help
mitigate the effects of demand volatility, forecasting market
behavior is difficult. Figure 1b compares projections from
top analytic firms for total yearly semiconductor revenue to
actual revenue in 2018–2021 [1, 26, 27, 28, 29, 30, 31, 65],
showing differences of 30–40 billion dollars per year, despite
projections made in the middle of the year. The recent glut of
chips in the market [81] also illustrates the failure of current
approaches to mitigate supply and demand volatility.

So if typical ways to address the problem do not work,
what can be done? Much previous work [74] suggests finding
the right supply chain for the product characteristics. In this
paper, we turn that on its head to explore the right product
characteristics (architectures) for the supply-demand chain,
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(a) Fluctuations in the PC industry (b) Semiconductor Revenues vs IDC and
Gartner Projections

(c) Semiconductor production Utilization and
Inflation-adjusted Revenues

Figure 1: Semiconductor industry trends

and ask the question—What role does chip architecture have
in mitigating effects of supply and demand volatility?

We develop a model (Section 3) to analyze the impact
of different architectural techniques on supply chain costs.
Using model parameters derived from real-world data, we
study the interactions between architecture and uncertainties
in semiconductor supply and demand. We believe our model,
rooted in consultation with American and Korean industry
practitioners [59], is sufficiently robust to yield several in-
teresting and sometimes counter-intuitive conclusions, since
we focus on comparisons and trends rather than absolute
numbers.

We show (Section 5) that a one-to-one chip-to-demand
mapping, as is common today, is a significant source of
fragility, causing over three-fourth reduction in profits un-
der our estimates of industry uncertainty. We show that one
architectural strategy to mitigate this, composition, has lim-
ited efficacy in improving profits beyond the yield savings it
offers as it is currently done, showing only a small benefit
under supply volatility. A new optimized approach to com-
position, however, mitigates up to 33% of the losses from
demand volatility. We show another architectural solution
to eliminate one-to-one chip-to-demand mapping, adapta-
tion, can mitigate 20% of losses from demand uncertainty
but is unable to mitigate losses from supply volatility. A
new optimized form of adaptation doubles its effectiveness
in demand-volatile situations and also provides some benefits
in supply-volatile situations. We then explore an additional
architectural mechanism— dispersion—that can nearly halve
losses from supply volatility, and study its interactions with
composition and adaptation. Finally, we model how knowl-
edge of market behavior helps improve profits. We find that
its benefits are less than most of our proposed interventions,
and that these interventions continue to provide benefits when
market mechanisms are known. In all, we show that nearly
half of the losses from both supply and demand volatility can
be mitigated by our techniques.

The main contributions of the paper are as follows.

• We perform the first study on the role of chip architec-
ture in resilience against supply and demand volatility.

• We make a key observation (and demonstrate quanti-
tatively) that a one-to-one mapping between produced
and demanded chips leads to high costs from supply
and demand disruptions.

• We develop a model that allows us to analyze the impact
of different architectural techniques on supply chain

Table 1: Unforecasted events and resulting loss to foundry
Event Loss to Foundry ($)

Power outage at TSMCs legacy process fab (8/2021) [85] 28–35M (30–40K wafers)
Texas winter storm froze Samsung foundry (4/2021) [63] 286–357M (∼71K wafers)
Texas winter storm froze NXP foundry (4/2021) [62] ∼100M
Fire at Renesas facility in Naka Japan (3/2021) [48] 171M
Global Foundries quits on 7nm, AMD shifts to TSMC (8/2019) [50, 82] ∼4.255B loss just from AMD
Current chip shortage due to surge in demand (2020) [87] 60B
China-US trade war causes TSMC to lose HWAWEI sales (2020) [57] 13% TSMC’s revenue ∼= 455M
Fire at Asahi Kasei Foundry (2/2021) [4] 100M

Figure 2: Fragility of single-demand paths: IC1 wasted when
D1 falters, D2 left un-met when IC2 falters

costs. This is the first such model and will be open-
sourced as a tool for wider use.

• We identify and model two specific architectural strate-
gies to mitigate volatility—composition and adaptation,
and a third architecture-supported strategy—dispersion.

• We present counter-intuitive results based on real-world
data about market conditions where these interventions
are effective and where they are not, and explore the
benefits and drawbacks of combining various interven-
tions.

2. VOLATILITY-RESILIENT CHIP ARCHI-
TECTURES

This section illustrates a problem that may be due to prod-
uct design and introduces composition and adaptation as two
architectural strategies that potentially improve resilience to
volatility in supply and demand.

2.1 Fragility of single-demand paths

Consider single-demand paths, where one chip can satisfy
only one demand; such paths may still occur in spite of the
wide prevalence of binning when decisions around binning
are made only with the goal of maximizing yield. Figure 2
depicts the clear problems with this approach—when there is
only one supply for a demand, the supply input components
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(IC1) are wasted when demand (D1) falters, and the demand
(D2) is not met when supply input component IC2 falters.
The proposed architecture strategies below attempt to spread
risk for different supplies and demands across products.

(a) Adaptation is a one-to-many
relation

(b) Adaptation can create
alternate paths to the same

demand
Figure 3: Benefits of Adaptation

2.2 Adaptation

The adaptation strategy involves architecting and produc-
ing a chip that can be modified (“adapted”) with low/no
overhead, to satisfy multiple types of customer demands.
Examples of architectural realizations of adaptation include
disabling cores [69] or reducing frequencies to sell a chip at a
different performance tier [66]. Multi-ISA designs [86] could
also be an architectural realization of adaptation—different
demands may make use of the different ISAs the chip sup-
ports. Theoretically, adaptation may be able to provide bene-
fits because it delays product differentiation closer to when
demand is known. Figure 3 depicts adaptation as a one (chip)
to many (demands) mapping. Suppose a firm produces an
input component IC1-based saleable product which satisfies
demand D1, but can be adapted to also satisfy demand D2
(Figure 3a), and there is a spike in demand for D2 - in that
case the firm can adapt a higher proportion of the IC1 it
produces to satisfy D2. Additionally, adaptation can create
robustness by enabling alternate paths to the same demand
(figure 3b) - demand D1 is primarily satisfied by IC1, but
if IC2 can be adapted to also be able to satisfy D2, there is
redundancy if the supply for D1 if IC1 cuts out. While theo-
retically adaptation can help mitigate affects of uncertainty,
we explore exactly how this may happen in different market
volatility situations and the extent of its benefits, in the results
section.

(a) Composition mitigates demand
uncertainty risks

(b) Composition mitigates
supply uncertainty risks

Figure 4: Benefits of Composition

2.3 Composition

The composition strategy involves designing and produc-
ing sub-components of a chip. These sub-components can
then be combined in different quantities to create packaged
chips that cater to different demands. Figure 4 depicts com-
position as a many (sub-components) to one (chip) mapping.

An example of a current architectural realization of composi-
tion is chiplet-based architectures [78], where chiplets can be
interconnected (“composed”) using an interposer to make a
larger chip. Theoretically, composition can provide benefits
when a) there is an intersection in the sub-components used
to produce different chips and b) there are multiple (indepen-
dent) sets of sub-components that can be composed to make
chips that satisfy the same demand. As depicted in Figure
4a, (a) helps by allowing the chip firm to decide what pack-
aged chip a sub-component will go toward manufacturing,
closer to when it is sold. This is effectively delaying product
differentiation much like adaptation. Figure 4b depicts (b)
where if the sub-components in path 1 needed to produce
the demand goods are suddenly unavailable, the demand can
still be satisfied through the sub-components in path 2. Thus
helping alleviate the effects of supply volatility. While these
theoretical characteristics of composition can potentially pro-
vide resilience to uncertainty, a deeper dive in the results
section shows a lot more interesting behavior in terms of the
ways and extents to which composition can address volatile
markets.

3. THE MODEL

To understand how different architectural techniques per-
form in an uncertain market, we develop a model that com-
putes the profit realized by a chip firm with and without dis-
ruptions to demand and supply. We build on the cost model
of a generic supply chain developed by Begen et al. [59];
this model can estimate the impact of supply and demand
uncertainties on supply chain costs. Crucially, the model was
developed in consultation with industry experts at Intel and
"a large Korean consumer electronics firm". We augment the
model to enable compatibility with commercial stochastic
program solvers and the ability to model different computer
architecture techniques. Since we are less interested in the
absolute numbers produced by the model than the (especially
comparative) trends and analyses generated by the model, we
believe that this model has sufficient fidelity for the nature of
the conclusions we derive (Section 5).

In this paper, we are primarily concerned with the effects of
market uncertainty on chip manufacturers. Hence the model
we develop optimizes for the highest mean total profit that
the firm realizes, given the market conditions. In the results
section (Section 5) we use this as our primary metric to assess
the effectiveness of the proposed architectural techniques.
The high-level equation for profit is given in Eq. (1), with
the following sections explaining each of the terms in the
equation and how uncertainty is modeled into this equation.

P = TCben−TCprod−TCmap−TCshort (1)
Table 2 contains a list of parameters we pass to the model.

Further, it contains a list of the random and decision variables.
Random variables Zs (Supply Uncertainty) and Zd (Demand
Uncertainty) are used simulate uncertainty in the market. We
use these random variables to scale the supplied quantity and
amount demanded. Finally, the decision variables are values
the model (the firm) can tweak in order to maximize profit.

3.1 Profit Calculation
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Table 2: Model Parameters
Parameters Description

~ucost Per-Unit Cost
~y Yield Rate
~n NRE Cost

~uben Per-Unit Benefit
~usc Shortage Cost
~b Base Demand
~γ Mapping Cost
~M Mapping Functions

Random Variables
~Zs Supply Uncertainty
~Zd Demand Uncertainty

Decision Variables
~o Ordered
~q Order Quantity
~U Used Mappings

3.1.1 Cost of Production

To satisfy market demand for chips, a chip firm must first
decide what types of chips it puts engineering effort into
developing. ~o represents this decision. It is a binary vector
where oi is set to one if and only if the firm decides to design
a chip of type ‘i’. For each chip of type ‘i’ that the firm
chooses to develop, it incurs a cost ni for the non-recurring
engineering (NRE) costs involved in designing chips of type
‘i’.

Once chips are designed, a chip firm must produce them
to sell to customers, so the firm decides to order, from a
semiconductor foundry, various quantities of the different
chips it designed. Let~q denote this order quantity decision,
where qi represents the number of chips of type ‘i’ the firm
ordered. In our experiments, these can be 16-core, 8-core
or 4-core chip(let)s. Note that oi is zero if and only if qi is
zero; in all other cases, it is one. Once chip order quantities
are decided, then based on supply uncertainty, ~Zs, the firm
receives more (or fewer) chips than it ordered. We represent
this received quantity as ~crecv and it is the order quantity
scaled by supply uncertainty:

~crecv =~q◦ ~Zs.

After the chips are received, we use~y, the average yield for
each of the chips, to realize what fraction of these received
chips is usable. The number of usable chips,~cobt , is given by

~cobt =~crecv ◦~y.

Each of the chips has a per-unit cost ~ucost . The cost of pro-
duction incurred by the firm for a particular type of chip
is the sum of the unit costs of the received chips, and the
non-recurring engineering (NRE) costs incurred in the design.
Total production cost for the firm is a sum across all the types
of chips:

TCprod =~crecv ·~ucost + ~o ·~n. (2)

3.1.2 Cost of Mapping

Once the number of chips obtained is known, the firm can
decide how to use these chips to maximize profit. The model

takes as input a list of mapping functions ~M. Each mapping
function M j describes a set of inputs Minp

j and outputs Mout
j :

M j = (Minp
j , Mout

j ).

Take the baseline case where the firm has a single path
from demand to supply in a market for 16-core, 8-core and 4-
core chips. In this case, we specify three mapping functions.

M1 = (16 core, 16 core)
M2 = (8 core, 8 core)
M3 = (4 core, 4 core).

In the case of composition and adaptation, additional map-
ping functions are added to allow for one-to-many and many-
to-one mappings between obtained and sold chips. For exam-
ple, during adaptation, the firm has the ability to re-purpose
16-core chips as 8-core chips, so mapping function Mx =
(16-core, 8-core) is added to the model.

The decision variable ~U is used to determine how each
mapping function is used, where U j denotes the number of
M j mappings used. The number of used chips~cused is given
by

~cused = ~U · ~Minp

Since the number of chips used cannot be more than the
number obtained after supply uncertainty and yield losses,
the following condition is added to the model

ci
used ≤ ci

obt ∀ i.

Using ~U and the mapping output ~Mout , the model decides
the number of chips obtained that can be built for potential
sale. Let~cbuilt be the number of chips the model decides to
‘build’:

~cbuilt = ~U · ~Mout .

Finally, each mapping function has a cost associated with
it. This cost may, for example, represent interposer costs
in the case of composition mappings. This cost is an input
parameter given by~γ , such that γ j is the mapping cost asso-
ciated with M j. Then the total mapping cost incurred by the
firm is given by

TCmap = ~U ·~γ. (3)

3.1.3 Revenue

For all evaluations, the model simulates a market demand
for 16-core, 8-core and 4-core chips. Each of the demanded
chips ‘i’ has a base-demand of value bi, which is a model
parameter. The actual demand for the chips,~cdemand , is given
by

~cdemand =~b◦~Zd .

where Zd
i is the demand uncertainty for chip of type ’i’.

The number of chips sold is determined by the~cdemand and
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~cbuilt - the firm cannot sell more chips than it has built and
it cannot sell more chips than the amount demanded. The
model takes the minimum of the two and uses that as the
number of chips sold,~csold , given by

~csold = min(~cdemand , ~cbuilt).

Chips of type ’i’ are each sold at a price ui
ben and hence the

total revenue is given by

TCben =~uben · ~csold . (4)

3.1.4 Shortage Cost

If the firm builds fewer chips than what were demanded,
it incurs an additional cost called shortage cost. In addition
to the opportunity cost of missed potential sales, there is an
additional shortage cost to the firm for each chip it didn’t
deliver because it didn’t satisfy the customer’s requirement
(concretely, this could be in the form of lost back-orders,
lower future order quantities etc.). The per unit shortage cost
for a chip ’i’ is given by ui

sc and in all the experiments, the
shortage cost of chip ’i’ is equal to its unit benefit ui

ben. Thus,
the total shortage cost incurred by the the firm is

TCshort =~usc · (~cdemand−~csold). (5)

In this way, equation (1) represents the net profit the firm
makes by combining equations (2), (3), (4) and (5).

3.2 Modeling Uncertainty

For all our experiments, we model supply and demand
uncertainties as normal distributions with a mean of one and
vary standard deviation to simulate uncertainty. In most exper-
iments, all elements in ~Zs are sampled from a single normal
distribution, i.e, all orders have the same realised surplus or
deficit. In some cases, it is a combination of multiple dis-
tributions, for example in the case of dispersion. Unlike in
the case of supply uncertainty, demand uncertainty, ~Zd , is
unique to each kind of chip and this is consistent across all
experiments. For each evaluation, we sample multiple values
for ~Zd and ~Zs. Then the decision variables are optimized to
maximize E [P] given by

E [P] = E [TCben]−E
[
TCprod

]
−E [TCmap]−E [TCshort ] .

4. METHODOLOGY

4.1 Simulation Framework

To accurately assess the impact of architectural techniques
on supply and demand uncertainty, we identify optimal chip
order (~q &~o) and chip mapping policies (~U) that maximize
expected total profit, E [P]. This is done so results under
different interventions and market conditions are comparable.
Note that some decision variables need to be determined

independent of some random variables. For example,~q and
~o need to be decided before demand and supply are known.
Also Zd and Zs are probability distributions, not numeric
parameters. So, in some cases, a single decision is made
for all the samples in the distribution (exception to this are
detailed later).

Table 3: Staging for Decision Variables and Recourse
Parameters

Decision Variable Decision Stage
q 1
o 1
U 2 or 3

Random Variable Recourse Stage
Zs 2
Zd 2 or 3

Since this optimization problem is a stochastic mixed-
integer non-linear program, we use a multistage stochastic
program with recourse (MSPR) [64, 80] to solve it. The idea
of an MSPR is to sequence the decision variables across
multiple temporal stages, with latter stages having ‘recourse’
to information that was not available in earlier stages. We
perform simulations for different permutations of decision-
making stages and recourse. These are summarized in Table
3. The value of order quantity~q and decision to order~o are
always determined in stage 1, without recourse to supply and
demand. Mapping ~U is determined either in stage 2 once
supply is known or in stage 3 once both demand and supply
are known. We offer this flexibility for mapping since, for
example, the decision to sell a 16-core processor as an 8-core
processor can be made very late in the production process,
since disabling cores can be done via firmware. So this can
be done once demand is realized.

We use the global solver in the commercial mathematical
programming software Lingo [75] for finding globally opti-
mal chip orders and mappings. We generate Lingo models
using a Rust library which transforms collections of pro-
duced goods, demanded goods, mappings, and additional
constraints into Lingo models.

4.2 Model Parameters

For a study like this, it is critical that model parameters
represent reality. Publicly available data [6, 7, 56, 73] sug-
gests that most fluctuations of semiconductor products remain
within ±50% of expectation. Additionally, our analysis of
semiconductor revenue over the past 30 years (Figure 1c)
shows up to a 15% standard deviation in profit over a 10
year period. Our analysis of the PC market over the last
four years (Figure 1a) shows a 27% standard deviation in the
quantity of PCs shipped, and that individual vendors around
a 11% higher standard deviation in profit with respect to the
industry, or about a 30% standard deviation. As such, our
experiments are run between the standard deviation values
for the semiconductor industry and for individual vendors in
the PC industry, with some additional tests on either side of
that range.
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Figure 5: Price and Performance for Adapted vs Purpose
Built Chips

We performed several case studies centered around 22 nm
16, 8, and 4-core dies. To estimate their area, we scaled the
area for a 32-core monolithic-chip from [70] based on the
number of cores and then scaled it further to 22 nm. To esti-
mate the yield,~y, of these dies, we used the model in a previ-
ous study from AMD [72] (Yield = (1+(D0/n ·Acrit)/α)−α )
assuming a 300 mm wafer, 12 metal layers, Fraccrit (wire) of
0.2625, Fraccrit (logic) of 0.75, and clustering factor α of 1.

To estimate the unit cost,~ucost , of each of the dies, we first
estimate the recurring engineering (RE) cost for a given order
as RE_cost = (order/Ndies)∗RE_wa f er_cost_logic, where
RE_wa f er_cost_logic = 24300 was taken from [79] (Table
IV). The cost estimates (normalized w.r.t 45 nm wafer cost)
are largely based on published industrial data. To estimate the
NRE cost,~n, we again used cost numbers from [79] (Table
IV). NRE cost has two parts, 1) area dependent NRE design
cost and 2) area independent NRE mask set cost. We scale
the design cost with our core area and add one mask set
cost per design to estimate the total NRE cost. Interposer
costs are derived the same way using numbers from [79]
(Table IV). For validation, we calculated the cost of a 32-
core monolithic chip and 32-core chip composed of 4 8-core
chiplets through our model. We found the 32-core chip built
from composing 8-core chiplets was 1.71× cheaper. For
comparison, [70] claims that their 32-core chip composed
using 4x8-core chiplets is 1.69× cheaper to build than their
32-core monolithic-chip.

For each demanded chip, we assume a base demand (~b)
of 108 chips. Unit benefits were computed as follows uben =
2
(
ucost +

n
b

)
(assuming a 50% gross margin [51,55]). Due to

the importance of time-to-market, unit shortage cost,~usc, is
equal to unit benefit~uben.

We use mapping functions (~M) and the mapping decision
variable (~U) to realize our architectural techniques - com-
position and adaptation. Each mapping M j has a mapping
cost γ j associated with it. For composition, we primarily
explore monolithic chip vs chiplet based designs. Chiplet
based designs have a variable interposer costs. Hence, for
any mapping that performs composition, γ takes a value for
an interposer of area equal to the overall produced chip area.

Our adaptation technique assumes mappings from larger
chips to smaller chips. For example, a 16-core or 8-core
chip can be rebadged and sold as an 8-core or 4-core chip,
given market constraints. To estimate adaptation cost, we
looked at real world data. Figure 5 shows the relationship

of inflation-adjusted price and performance for purpose-built
vs adapted chips for several consumer chips from Intel and
AMD. Prices for chips with the same core count are roughly
the same and also show similar performance (Cinebench
score [2, 3, 23, 24, 25]). Hence, we allow unit benefit of
adapted chips to be the same as monolithic chips built for that
purpose and the mapping cost of this intervention is zero.

4.3 Experiment Configurations

In Section 5, we simulate a market for 4-core, 8-core, and
16-core chips using the model and methodology above. Un-
less otherwise mentioned, we use a single normal distribution
to sample supply uncertainty for all the chips, ~Zs, and three
independent normal distributions to sample demand uncer-
tainty for each of the chips, ~Zd . For our baseline case, we
study a rigid one-to-one mapping between produced goods
and demanded goods.

For our architectural intervention techniques, composition
and adaptation, we introduce new mappings. In composition,
we allow the firm to produce 16-core chips using two 8-core,
four 4-core, and a combination of 8-core and 4-core chiplets.
We also add a mapping to allow 8-core chips to be built using
two 4-core chiplets. The mapping cost (interposer cost) for
the composed 8-core chip is half that of a composed 16-core
chip since the size of the interposer used is halved. In adapta-
tion, we allow manufactured 16-core chips to be repurposed
and sold as 8-core or 4-core chips, and manufactured 8-core
chips to be sold as 4-core chips.

5. RESULTS

Here we present results on the mean and standard devia-
tion of total profit under several regimes of uncertainty to
understand the benefits and drawbacks of different architec-
tural interventions. The mean profit for the firm is calculated
across various samples of demand and supply. And the stan-
dard deviation in profit highlights the variance in profit seen
across these samples. We present results as line plots, sepa-
rately for mean profit and for standard deviation of expected
profits. To isolate and better and understand the benefits
of the various architectural interventions, we simulate mar-
ket conditions with uncertainty only in the supply of goods,
only in the demand for goods, and with both. We study the
mappings used by the optimizer to justify the benefits and
drawbacks of the various experiments. An important metric
that we consider is lambda (λ ), which is the percentage of
the loss incurred due to uncertainty that is made up by the
intervention. Lambda is calculated as

λ =
(intervention mean profit - baseline mean profit)*100

baseline mean profit with 0 uncertainty - baseline mean profit

5.0.1 Fragility of single-demand paths

Our baseline results demonstrate the fragility of having
only a single path between produced and demanded chips.
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Figure 6: Mean Profit for Baseline Single-Demand Path

Figure 7: Standard Deviation of Profit for Baseline
Single-Demand Path

The baseline models supply and demand for three different
chips (4, 8 and 16-core) and each chip is sold exactly as it is
produced.

The results for the baseline (Figure 6) show that at the
highest level of uncertainty (standard deviation of 0.36) the
firm sees a 93%, 63%, and 54% drop in mean profit for
supply+demand uncertainty, supply uncertainty and demand
uncertainty, respectively. This drop is attributable to the in-
ability of the supply chain to cope with uncertainty. Not only
is there a significant decrease in average profit, there is also
an increase in the range of profits the company could see (Fig-
ure 7). At high levels of variance, the standard deviation of
profit is almost equal to the mean profit when there is no
variance. Clearly, this level of reduced expected profit and
variance in profit is undesirable.

5.1 Architectural Strategies

5.1.1 Composition

As discussed earlier, composition can enhance resilience
by enabling multiple paths to produce the same good. Like
the baseline, there are 4, 8, and 16-core goods produced, but
here these can be composed in any way possible to make 4,
8, and 16-core packaged chips. An added interposer cost is
incurred for every chip produced using composition. Here we
use the three-stage model where supply uncertainty is realized
first, and then demand uncertainty is resolved after chips
are mapped (packaged) using ~U . These assumptions and

Figure 8: Mean Profit with Composition

Figure 9: Standard Deviation of Profit with Composition

configurations are made keeping in mind how composition
is carried out currently - chiplets are sourced from the same
supplier, and chiplet-based chips end up being sold several
months after they are packaged, so demand is not known at
the time of packaging.

Results for mean profit using composition are presented in
Figure 8. We see that mean profit is 25% higher with com-
position compared to the baseline when there is no variance.
All of this improvement is attributable to yield benefits of
composition, however. Indeed, an analysis of mappings used
(~U), shows that when there is no uncertainty in the market,
the model orders only 4-core chips and makes 16-core and 8-
core chips out of these. After factoring out the improvement
due to yield benefit, we see λ is only 12.2% when there is
supply uncertainty, 4.2% when there is supply and demand
uncertainty, and 4.4% when there is only demand uncertainty.
The absolute increase in profit (between composition and
baseline) remains almost steady when demand uncertainty
is present across the range of uncertainties studied. There is
a small improvement when there is only supply uncertainty
because the the limited supply of chips under supply con-
straints is directed to satisfy the demand with the greatest
profit (the 16-core part). This suggests that composition by
itself hardly improves profits any more than it does at 0
uncertainty.

Results of profit variance using composition are presented
in Figure 9. The results show that composition does have
benefits to profit variance, especially in regimes of exclu-
sive supply uncertainty. Profit-variance reduction is negligi-
ble in markets with only demand uncertainty.

5.1.2 Adaptation
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Figure 10: Mean Profit with Adaptation

Figure 11: Standard Deviation of Profit with Adaptation

As seen earlier, adaptation can provide benefits to re-
silience by allowing multiple types of demand to be satisfied
by a single good. To understand the benefits of adaptation,
we model it as it is practiced in the industry, in the form of
disabling cores and selling as a lower-end product. Because
fusing (to disable cores) can be done any time after the part
is packaged, we assume that the level of demand is known at
the time adaptation is carried out.

Figure 10 shows the benefits of adaptation over the base-
line. Unlike composition, there are no inherent benefits to
profit with adaptation, so the profit when there is no variance
is the same as the baseline case. For adaptation, we see λ is
22.2% when there is demand uncertainty, 8.6% when there
is supply and demand uncertainty, and 0.0% when there is
only supply uncertainty. This shows that while adaptation
provides a considerable benefit when only demand un-
certainty is present, there is disproportionately less benefit
when both supply and demand uncertainties are present. This
is because adaptation is limited in its ability to redistribute
produced goods to demanded goods when there is limited
supply (eg. a supply of 4-core can only satisfy 4-core demand,
and a demand of 16-core can only be satisfied by a 16-core
supply). There is no benefit from adaptation when there
is only supply uncertainty.

Results for standard deviation of profit are presented in
Figure 11. Adaptation largely preserves the baseline standard
deviation when there is demand uncertainty while provid-
ing significantly improved profits, signaling an improvement
in variance of profit. There is negligible improvement in
variance under the other two conditions.

5.1.3 Fixing Composition’s problems through just-
in-time packaging

Figure 12: Mean Profit with Just-in-time Packaging

Figure 13: Standard Deviation of Profit with Just-in-time
Packaging

In the previous analysis, it is seen that composition does
not increase mean profit when demand uncertainty is present
because it is unable to redistribute the received chiplets to
meet variance in demand. This is because demand is unknown
when the composition mapping takes place. So we ask, what
may change if the level of demand is known at the time of
packaging, perhaps through a breakthrough in distributed
packaging at last-mile locations? This analysis is run the
same as the composition analysis, except now the model
knows demand while choosing the composition mappings.

Figure 12 shows results for mean profit under composi-
tion with just-in-time packaging. When factoring out the
yield savings, we calculate a lambda of 39.4% with demand
uncertainty, 11.0% with supply uncertainty and 22.1% with
both supply and demand uncertainty, showing just-in-time
composition significantly mitigates losses. This is a signifi-
cant improvement over baseline composition where there was
virtually no benefit when demand uncertainty was present.

Figure 13 shows standard deviation of profit with just-
in-time composition. Profit-normalized variance is reduced
in all cases, albeit to different degrees. This configuration
maintains similar variance under demand and supply+demand
uncertainty while increasing profit, and has a lower variance
under supply uncertainty while providing greater profits.

5.1.4 Enhancing Adaptation with Composition
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Figure 14: Mean Profit with Adaptation + Composition

Figure 15: Standard Deviation of Profit with Adaptation +
Composition

Adaptation has limited efficacy when supply uncertainty
is introduced (exclusively or in concert with demand uncer-
tainty). But composition seems to provide some benefits here,
so we explore if adding composition to adaptation may im-
prove on baseline adaptation. We model composition with
adaptation in the following way: It is the same as composition
as described in the previous section, except after chips are
packaged, it is still possible to disable cores and repurpose
chips to meet multiple demands.

Figure 14 shows mean profits using adaptation+composition.
We see λ is 39.6% with demand uncertainty, 24.3% with sup-
ply and demand uncertainty, and 12.2% with supply uncer-
tainty. These numbers represent an all-round improvement
over baseline adaptation and, in fact, even an improvement
over just-in-time composition. Compared to just-in-time com-
position, λ is 10 points higher in adaptation + composition
for cases with only demand uncertainty and supply+demand
uncertainty. Improvements to supply resilience are similar to
the previous section, but there are improvements to demand
resilience with this technique because the relation between
the produced products and demanded products is fully con-
nected. Eg. with baseline adaptation, a produced 8-core chip
could be sold as either a 4 or 8-core chip. Now it can be com-
posed to make a 16-core chip, sold as an 8-core, or adapted
as a 4-core.

Figure 15 shows standard deviation of profit with adapta-
tion and composition. This configuration maintains similar
variance in profit under demand and supply+demand uncer-
tainty while increasing profit, and lower variance in supply
uncertainty while providing greater profits.

While adding composition to adaptation improves adapta-

tion significantly, we continue to see minimal improvement
to profit in the regime of supply uncertainty, and negligible
reduction in profit variance. To address these drawbacks, we
rely on dispersion.

5.2 Dispersion

Dispersion can improve resiliency by dispersing the pro-
duction across suppliers who have a degree of independence
with respect to the factors affecting their production. While
dispersion is not strictly an architectural strategy, it can be
enabled by architectural changes. For example, aggregating
low-speed components in a design (eg. I/O) onto a separate
chiplet will allow it to be manufactured on a trailing edge pro-
cess (and therefore by more foundries), in effect ’dispersing’
a portion of the overall design. There are two ways in which
we model dispersion. In the first way, each of the produced
chips is supplied from a different supplier. In the second way
(dispersion2), we introduce two suppliers, and each produced
chip is sourced from these two suppliers. We look at each of
these two configurations separately.

5.2.1 Using unique suppliers for each product

Figure 16: Mean Profit with Dispersion

Figure 17: Standard Deviation of Profit with Dispersion

Using unique suppliers for each product decouples the
supplies of each of the products from each other, potentially
offering improved resiliency against swings in supply. Con-
cretely, this means three different supply distributions are
used to sample each value in ~Zs corresponding to each pro-
duced chip.
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Figure 18: Mean Profit with Dispersion + Adaptation

Figure 19: Mean Profit with Dispersion + Composition

Profit results for dispersion alone are presented in Figure
16. We notice this provides no benefit over the baseline
for profit. This is because surpluses in the supply of one
product cannot make up for deficits in the supply of the other
since chips cannot be transformed in the baseline case. How-
ever, when transformations between produced and demanded
goods are enabled by adding dispersion to adaptation (Figure
18 ) or to composition (Figure 19 ) we see significant results.
We compare these to baseline composition and adaptation.
Adding dispersion to composition produces a λ of 23.7%
and 9.0% in supply and supply + demand uncertain markets,
respectively. For adaptation with dispersion, these values are
23.7% and 16.4% respectively.

Even though there were no improvements to profit from
dispersion only, there was a 36.9% reduction in profit stan-
dard deviation under supply uncertainty and a 20.7% re-
duction in profit standard deviation under supply + demand
uncertainty (Figure 17). A similar improvement is seen for
dispersion profit standard deviation when used with composi-
tion and adaptation.

5.2.2 Using two suppliers across each product

Under this strategy, there are two independent suppliers
and all products in the market can be sourced from either one
of them. Concretely, this translates to two independent supply
distributions each operating on half the goods ordered. The
two suppliers are equal in all ways, so we force the model to
order an equal quantity from both of them.

Baseline results depicted in Figure 20 show that a multi-
sourcing strategy has benefits even without other architec-
tural interventions. Results show an impressive 49.3% λ in
supply-uncertain markets and a 24.0% λ for supply + de-

Figure 20: Mean Profit with Dispersion2

Figure 21: Standard Deviation of Profit with Dispersion2

mand. Significant improvements are seen in profit variance
as well. Multi-sourcing dispersion used with composition
(Figure 23) or adaptation (Figure 22) continues to provide
improvements over their respective baselines. For dispersion
+ adaptation we see a λ of 49.3% and 29.3% under supply
and supply+demand uncertainty, respectively, and for dis-
persion +composition these numbers are 50.4% and 24.4%,
respectively. These improvements are much greater than that
seen with the previous dispersion technique, yet similar to
the baseline case of multi-supplier dispersion, suggesting
that composition and adaptation do not further enhance
multi-sourcing dispersion under supply uncertainty.

For standard deviation in profit, we see a reduction be-
tween 25% to 40.8% under the multi-sourcing strategy in the
baseline (Figure 21), and these improvements largely stay the
same when composition and adaptation are added.

5.3 Market Mechanisms

Till now, our experiments have modeled a market for semi-
conductor chips statically without any consideration for mar-
ket mechanisms. But what happens when market mechanisms
like competition and/or elasticity of demand are considered?
Would the efficacy of any of the techniques we proposed
previously change? To explore this, we introduce a partial
equilibrium-based [68] model of market dynamics to our
model; partial equilibrium can model the first-order effects
of competition, production and demand. This is incorporated
into our model by integrating a demand curve. With this ad-
dition, the unit benefit that a good is sold at is linearly related
to number of goods purchased. The new unit benefit is given
by:
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Figure 22: Mean Profit with Dispersion2 + Adaptation

Figure 23: Mean Profit with Dispersion2 + Composition

Unit Benefit = (Goods Sold - Base Demand)∗
Market Elasticity+Base Price

where base demand is the same as it was in the baseline
case, and base price is the same as unit benefit in the previous
model. Market elasticity signifies how elastic the demand
is (i.e the extent to which demand changes with a change
in price). To ensure comparability between the two models,
the parameter values for elasticity for each of the different
chips were chosen such that the optimal point in the demand
curve is at the point where base demand number of chips
are sold, each at base price, yielding the same revenue as
in the previous model. Combining HP’s PC sales quantities
from figure 1a and the corresponding revenue data from HP
[32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,53,54],
and assuming chips comprise 10% of the cost of a PC, we
see a similar magnitude of elasticity to our calculated param-
eter values. Demand uncertainty is modeled through shifting
the demand curve left or right by scaling base demand by
the demand factor. The supply side of the model remains
unchanged. To ensure consistency between the models, short-
age cost is also modeled in the same way. The model is aware
of the market mechanism and optimizes for highest expected
profit accordingly.

Results on the effect of considering market mechanisms
are presented in Figure 24. Results are presented for supply +
demand uncertainty case. Despite the differing shapes (lin-
ear - market mechanism-agnostic vs negative exponential -
market-mechanism aware), the two curves are relatively close
to each other and come closer as uncertainty increases. The
calculated λ value (when considering knowledge of uncer-

Figure 24: Effect of Knowledge of Market Mechanism on
Mean Profit

tainty as an intervention) is 30% at low values of uncertainty,
and this reduces to 18.8% at the high end of uncertainty
variance. This suggests that knowledge of market mech-
anisms is largely equivalent to adding a low-performing
intervention in terms of profit benefits. As we have shown,
interventions can be composed to improve results, and the rea-
son knowledge of market mechanisms is making a loss is the
same as in the baseline model, except losses are padded by in-
creased selling prices (due to awareness of the market) when
supply is low or demand is high. Given this, we conclude
that all our previous conclusions continue to be interesting
and valid when market mechanisms are considered.

6. SUMMARY AND CONCLUSIONS

We presented the first study on the role of chip architec-
ture in improving semiconductor supply chain resilience. We
first found that one-to-one chip-to-demand mapping, as is
common today, is a significant source of fragility, leading
to over a three-fourth reduction in profits at our estimates of
industry supply and demand uncertainty. As currently done,
the architectural strategy of composition is ineffective in im-
proving profits beyond the yield savings it offers, but just-
in-time composition mitigates up to 33% of the losses from
demand volatility. This also mitigates some supply volatility
by directing (limited) supply to the highest margin product.
The strategy of adaptation can mitigate 20% of losses from
demand uncertainty but is unable to mitigate losses from
supply volatility. Moreover, adding composition on top of
adaptation can double its effectiveness in demand-volatile
situations and provide some benefits in supply-volatile situa-
tions. In developing two flavors of dispersion, we showed that
multi-sourcing dispersion is superior, mitigating nearly half
of the losses from supply uncertainty. Finally, we showed
that knowledge of how the market behaves helps improve
profits but less than most of our proposed interventions, and
in fact these interventions continue to provide benefits when
market mechanisms are considered. Overall, nearly half of
the losses from both supply and demand volatility can be
mitigated using the techniques we propose.
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