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Abstract
In today’s supply chains, there are a lot of uncertainty. The proliferation of
products, build-to-order, shorter order-to-delivery cycles, and increased
personalization create highly variable demand patterns. There are tools with
different scopes and foci to help manage this: from targeted tools to supply
chain wide broader tools. In addressing this challenge, we focus on buffering
variability with capacity and look at how to utilize production/service capacity
as a lever to effectively operate under uncertainty. Many factors, varying from
competitive priorities to costs, need to be considered and depending on the
situation the right action should be taken. We present insights that tell us how
this can be done under different conditions by effective capacity decisions.

Managing a business is no easy task and the challenges are exacerbated
by the presence of uncertainty. Uncertainty presents itself in many forms:
variability in demand, in supply, in quality, … From a supply chain point of
view, many factors contribute to this: Proliferation of products which lead to
line sharing and different product mixes being produced from day to day;
build-to-order,
shorter
order-to-delivery
cycles
and
increased
personalization. This results in a large variation in the daily demand for parts,
products and services. Most, if not all, businesses face the challenge of
operating under variability. Hopp and Spearman suggest three levers for
managing variability: capacity, inventory and time. 1 When there is variability
in a system (as it’s bound to happen) it needs to be buffered either by
capacity, inventory, time or a mixture of these. Specifically, to address
uncertainty businesses may choose to adjust capacity dynamically (keep
extra capacity and use it as needed), hold extra inventory or quote longer due
dates. The choice depends on the business and its competitive priorities. In
the supply chain context, one can look at capacity in different dimensions:
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Warehousing capacity, transportation capacity and production/service
fulfillment capacity. Having ample capacity in these dimensions becomes
crucial as firms try to fulfill consumer expectations. To meet customer service
expectations, firms increase the footprint of their distribution networks by
adding warehouse capacity and this has a positive relationship with
transportation capacity.2 Production/service capacity decisions are among
the drivers behind warehouse and transportation capacity decisions, as the
former creates the input for the latter processes.
We explore how to use production/service capacity as an effective lever
in the face of uncertainty and provide some insights about how to best
manage it.
In Operations Management literature capacity is defined as “the
maximum rate of output of a process or system” or the throughput. 3 Capacity
decisions are important decisions for businesses. In the long run, they
determine capital requirements and have a big impact on fixed costs. In the
short run, they determine whether demand will be met or lost. An important
factor in making capacity decisions is the organization’s competitive
priorities and operations strategy. The decisions made by an organization
that prioritizes low-cost will be different than one that prioritizes flexibility
or time or quality. While a low-cost priority values efficiency and high
utilization, the others may value having extra capacity on hand to handle
potential fluctuations in demand or issues in quality or adopt strategies to
adjust capacity without accumulation of inventory or excess capacity. 3
Once a plant/facility is built the design capacity determines the
maximum output and making changes to it, if even possible, typically
requires big capital expenses. Similarly, in the service setting, the size of a
facility, think of available seating and kitchen set up in a food service
business, determines how many customers can be served in each time period.
Yet, during day-to-day operations, managers have some control over
capacity, and they may actively make adjustments to capacity. One way of
doing this is by adding or removing shifts. For example, Toyota and Japanese
manufacturers are known for scheduling for two shifts and using a third shift
to catch up if needed.1,4 While adding or removing shifts can mean relatively
significant adjustments to capacity, managers may also utilize finer controls
which allow them to adjust capacity within given limits (for example, by
hiring temporary workers from external labor supply agencies,
subcontracting, authorizing overtime, renting or shutting down work
stations, and so on.) The availability of a flexible workforce makes such an
adjustment a feasible option and makes capacity an important lever. Today a
significant portion of labor is available in this flexible manner. For example,
in 2017, the US Bureau of Labor Statistics reported 13.8% of the workforce
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(over 20 million workers) as flexible workers (independent contractors, oncall workers, temporary help agency workers and workers provided by
contract firms).5 In 2017, in the Netherlands, 6.8% of the active workforce was
composed of flexible workers (on-call and temporary agency workers) and in
the EU 14.3% of the employment was reported as temporary. 6,7
Many industries face the problem of managing capacity in the face of
unpredictably varying demand. For example, consider a manufacturer that
assembles products based on outstanding orders, like Dell assembling
computer systems based on customer orders. When the order queue is long,
the manufacturer may open available manufacturing lines by staffing them
with personnel and stocking the lines with parts, and when the queue is short
close some of the manufacturing lines by sending workers home. Call centers
also face this challenge as they try to optimize their staffing levels. Having
many staff members available to answer calls provides quick service to
customers and increases customer satisfaction, but on the other hand, it
means higher costs and potentially staff sitting idle when call volumes are
low. Yet, if the call center chooses low staffing levels, then customers may
have to wait a long time before receiving service, severely impacting service
quality and satisfaction.8,9,10 Similar challenges are also faced in managing
warehouse operations. For example, in a survey about warehouse
management excellence, 35% of survey participants list fluctuations in supply
and demand and 31% of participants list the need for better utilization of
underutilized resources among their top pressures. 11 Thus, determining the
number of pickers to staff to handle the volume of orders that need to be
picked is an important business decision. A high number of pickers means
customer orders being picked and shipped quickly, which improves customer
service, while a small number of pickers means slower fulfillments but
potentially higher utilization of pickers. The challenge of managing capacity
is not limited to manufacturing or service providers trying to determine the
best staffing/production levels. Consider deploying webservers to handle
internet traffic. The number of incoming requests can vary substantially over
time and may depend on factors like time of day or day of the week and so
on. As the incoming traffic varies, the available server capacity may be too
low, sufficient, or more than necessary. One could choose to run just enough
number of servers to handle the maximum anticipated load, but that would
mean much of the server capacity will not be used most of the time and one
would still have to pay for unused server capacity. Not the most efficient
approach… Indeed, to run a website efficiently the recommended practice is
to “match the number of servers to the current request volume”. 12 That is to
use more servers when the request volume is high and fewer servers when
the request volume is low. For example, Amazon Web Services offers clients
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three ways to manage the number of servers needed: 24/7 instances, where
typically the capacity may be set to a baseload level that captures minimum
anticipated demand, time-based instances, where the client sets a schedule
for a varying number of server capacity based on expected varying demand,
and load-based instances that are automatically started and stopped to
handle traffic spikes, when a threshold is crossed and more server capacity is
needed.
The main observation in all these settings is that, if capacity is set too high
and the resulting outstanding orders/customers waiting to be served queue
is low or non-existent, then economies of scale are lost and the investment is
not being fully utilized. On the other hand, if the length of the outstanding
orders queue is high, it means delivery dates are being missed, customer
satisfaction is plummeting, and thus potential revenues are not being
realized. Both cases are not desirable from the business owner’s perspective.
When service level is part of the competitive strategy, as is the case for most
businesses, managing this outstanding order queue through effective
capacity choices can be an important lever.
In the literature typically two approaches to capacity management are
cited. The first is a “chase strategy” where capacity chases demand. The
operations manager varies the workforce level by hiring or laying off staff or
adjusting the output by overtime, part-time employees or subcontracting.
The aim is to match capacity with demand. This strategy is typically adopted
by high volume consumer services where rapid access to services is part of
the competitive strategy.13 The second strategy is called “level strategy” where
capacity is kept at a constant level. The level strategy aims to maximize the
utilization of expensive fixed resources. Both strategies have advantages and
disadvantages. While a level strategy is much easier to manage as the
workforce, and so capacity, is constant, it may result in unwanted inventory
or workforce sitting idle, or, if demand is higher than the chosen level
capacity, customers being turned down and leaving empty-handed. On the
other hand, a chase strategy is able to meet demand by continuously
updating capacity but requires constant attention, and adjustments to
capacity/workforce levels may incur additional costs, such as setup,
administrative and training costs, and service quality may be impacted.
Companies typically utilize level strategy for jobs requiring a high level of
skills, with high training requirements and high compensation, and chase
strategy for jobs with low-level of skills, low training, and low
compensation.14 Many businesses utilize a combination of these methods. A
third strategy, frequently used together with level and chase strategies, is
demand management, where the organization aims to influence demand to
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smooth out the load on resources. This typically involves using a mixture of
pricing, promotion, and reservation systems. 15
In our research, we look at ways to manage capacity, and thus the
outstanding order queue, by choosing between available capacity rates, with
the option of idling resources and rejecting new orders. 16,17 The choice of
different available capacity rates can be thought of, for example, an assembly
facility that has several production lines, but at any point in time, the
decision is between staffing and operating only one of the lines, two of the
lines or any number of available lines. Naturally, there is a cost to operate the
different number of lines (due to different staffing level requirements based
on the number of lines operated) as well as a cost to change the number of
lines that are being utilized. This changeover cost reflects an additional cost
similar to the setup cost that is incurred to get these lines up and running or
turning them off, or the administrative and training costs to adjust the
workforce levels. While it is hard to quantify, we also consider a cost for
turning away customers. Businesses may choose to turn away customers, or
customers may themselves choose not to place an order when
service/delivery times are significantly long. Both cases will result in a loss of
goodwill which will impact the business, and that is what we are aiming to
capture with this cost. Having a line open, but idling may also incur a cost
for the duration a line is idled. Besides these costs, a business also incurs a
cost for the orders that are waiting to be processed, think of it as the
opportunity cost of revenue waiting to be realized or just a holding cost. We
share useful and practical insights to address the challenge of managing
capacity under these considerations.
Insight 1. When level capacity rules: There are several instances when
picking a single capacity rate and sticking with it pays off. When there are
significant costs associated with changing the capacity rates it is best to pick
the best level available and stick to it. Jobs requiring very skilled laborers
with very high training costs and/or hiring/layoff costs typically fall under
this category. If the changeover costs are above a certain threshold, it is best
not to change the capacity rates, and idle if there are no jobs and possibly
reject/lose customers if wait times get too long. This falls within the common
arguments for level capacity. The more interesting, but less likely cases, that
call for sticking to a single capacity rate happen when idling is cheaper than
savings from not operating, or when turning away orders is cheaper than
operating. The first case calls for utilizing the maximum available capacity
and just idling resources when there is no demand, and the latter calls for
picking the smallest capacity rate available and turning away/losing
customers when the outstanding orders reach a certain level. As odd and
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impossible as these two cases may sound, they indeed have real-life
applications: Consider an emergency service like ambulance or firefighting.
When designing these systems, one would want to have ample capacity
available, even if they are idle some of the time, and ensure that there is
sufficient capacity when an emergency arises. Also, note that for such
services capacity is the only possible buffering choice as response time is a
key performance measure and it is not possible to inventory such services.
On the other hand, consider popular venues, where long lines and hard to
get reservations are attributed as status signals. In this case the scarcity adds
value to the product and service being offered.
Insight 2. The case of zero changeover cost: No middle capacity.
Consider the case when operating is preferable to idling capacity and turning
away customers, that is we are not operating under the special circumstances
of scarcity or emergency. When changeover costs are zero, changing the
operating capacity is effortless. One may think that this calls for the “chase
demand” strategy where capacity is adjusted to follow demand and as many
adjustments as needed are made. Surprisingly, a best policy is to only use the
lowest and highest available capacity rates and switch from one to the other
at a judiciously chosen outstanding order level. If the outstanding orders are
below this critical level pick the minimum capacity rate, if it is above the
critical level pick the highest available capacity rate. This is indeed a very easy
to implement policy, the one possible downside is that just around the
critical level there could be a lot of switching back and forth between the
capacity rates arising from the fluctuation in outstanding orders. Under the
assumption of zero changeover cost, such a policy makes sense, but in most
real settings a switch is not so “frictionless” and cost-free. A possible
application of such a policy is automated systems/machinery which may be
turned on or off without any effort and cost.
Insight 3. In the presence of changeover costs, “chase” but not so
quickly. In many cases changing capacity involves a changeover cost. This
may include administrative, training and onboarding costs as well as setup
costs due to setting up of tools, preparing and moving materials to the
production line and testing initial output. When a changeover cost is
incurred for changing from one capacity rate to another, depending on the
magnitude of this cost, some available rates may not be employed at all. This
is in line with insight 1, where we stated that if the changeover cost is greater
than a certain threshold it is best to use only one rate. Yet, the choice is not
one rate or all available rates, instead utilizing a subset of the available rates
depending on the magnitude of the changeover cost provides best results.
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The changeover cost, in some sense, makes the controller liable for past
decisions and results in an optimal policy that depends not only on the length
of the outstanding order queue, but also on the current capacity rate being
employed. Indeed, we find that the best way to manage capacity is to define
bands for each capacity rate that is employed, and stick to that rate while the
order queue is within the limits of that band. When the outstanding orders
reach the upper limit of the band switch to the next available higher capacity
rate to quickly serve customers, and when the outstanding orders fall to the
lower limit of the band switch to the next available smaller capacity rate. The
upper limit of the highest capacity rate corresponds to the point where we
start turning away customers (or customers balk and leave) as due dates are
becoming unacceptably long, and the lowest limit of the slowest capacity
rate, which is typically zero, corresponds to the point where we start idling
due to lack of demand. These bands corresponding to different capacity rates
will overlap and this is due to the existence of changeover costs: once we
make an adjustment to capacity, we want that change to “payoff” before
making another change, we don’t want to switch back and forth between
different levels continuously. This also makes managerial sense: once we
incur start-up costs or wind-down costs we don’t want to make an immediate
change and reincur those costs, furthermore, if we are talking about
adding/removing people from the workforce, frequent changes may impact
the future availability of workforce and its cost. Higher changeover costs
typically mean larger bands and less frequent changeovers. Higher
changeover costs also imply that very high or very low capacity rates may not
be employed at all. This policy resembles a “chase demand” strategy, but the
presence of the changeover costs requires that as we monitor the outstanding
orders we do not react too quickly to little changes, instead wait and observe
and make changes only when a threshold (upper or lower limit of the band)
in the number of outstanding orders is reached. When one considers that
every hiring/layoff indeed results in some transaction cost (in terms of
administrative costs, training costs, etc.) indeed this policy also makes a lot
of intuitive sense: For low skilled jobs where new hires can be easily found
and no significant training is needed, it is ok to reduce the workforce when a
drop in demand is observed and increase when demand picks up. On the
other hand, for jobs requiring high skills where hiring is a demanding and
expensive process (think headhunter fees, long interviews, long training) we
should be more conservative as we adjust the workforce based on demand
and make changes to staffing levels only if the workload is significantly low
or high.
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Insight 4. Broader Supply Chain tools. While so far, we have focused
on how to address variability by buffering it with capacity, managers have
broader set of tools available to them to decrease and manage uncertainty
and volatility within their supply chains. Reduced volatility not only makes
managing capacity simpler, but it improves an organization’s overall
performance. One strategic tool that organizations can adopt is supply chain
risk management, in which organizations identify, assess, and mitigate risk
within their supply chains. Identifying the risks in each node of the supply
chain and assessing the impact they could create on the business is an
essential part of this. These risks include external risks like suppliers (any
disruption to the flow of products/materials), environment (including socialeconomic, governmental, and environmental), demand (its unpredictability)
and risks related to plants/facilities (yield, quality, business processes,
people, regulatory, ...), and transportation (from weather related to
pilferage). Understanding these risks, their likelihood of their happening, the
extent of the threats they bring and the organization’s ability to deal with
them will be key in developing preventative and reactive action plans to
mitigate them. Monitoring risks and periodically reviewing and making sure
mitigation plans are up to date will help improve the resilience of the supply
chain. The fire in 2000, in the Philips semiconductor plant at New Mexico,
is a great example of two companies facing similar capacity challenges but
ending up with different results due to their different ways of managing
supply chain risks. The fire at the Philips plant was put out in less than 10
minutes, but had, as it was discovered later, affected their cleanrooms and as
a result impacted chip production for over two quarters. Nokia, one of
Philips’ big customers and a big cellphone manufacturer at the time, with its
continuous communication with Philips was able to realize the big impact of
the fire quickly and work together with Philips and through its deep
relationships with its suppliers and knowledge of supply markets was able to
overcome the resulting chip shortage and continue its cellphone production
relatively without impact, and indeed increased its market share. Ericsson,
another major customer of the New Mexico plant, on the other hand, had a
more laid-back approach, was too slow to realize the impact of the fire, its
impact on chip supply, and unable to obtain parts from Philips’ other plants
and other sources ended with a decrease in market share and Ericsson
“exiting significant parts of the business.”18
One important input for supply chain risk management and an important
tool in decreasing and managing uncertainty within supply chains is end-toend supply chain visibility. Traditionally organizations have relied on siloed
data as each stage of the supply chain managed its own risks and capacity.
This resulted with unconnected systems, manual data reconciliation and in
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many instances, decision making with incomplete and/or erroneous data.
End to end supply chain visibility requires a collaborative relationship with
suppliers and downstream customers. It provides accurate and real time
information on demand signals, inventory levels and progress of orders.
Visibility also feeds into better data analytics and demand forecasting.
Having more accurate forecasts can enable bridging the gap between capacity
and demand. Equipped with this information, organizations can better plan
and allocate resources and quickly respond to any issues. Furthermore,
combining visibility with demand management and marketing tactics,
organizations can diminish uncertainty, increase predictability, and thus,
enable better management of capacity.
To sum up, businesses must employ a broad range of tools to successfully
produce and deliver goods and services to their customers: They need data
and analytical tools to assess the supply chain as a whole and create good
forecasts that connect economic indicators, current sales and other causal
variables, and demand management and marketing tools to adjust prices,
promotions and contract terms to address changing market conditions, and
good capacity management tools to address the changes in demand.
Conclusions
The proliferation of products, build-to-order, shorter order-to-delivery
cycles and increased personalization create highly variable demand patterns
creating high uncertainties in supply chains. The disruptions in supply
chains, due to pandemics, natural disasters, transportation failures, product
problems, cyber-attacks, etc., compound this variability. Unfortunately,
variability always comes with a cost. When there is variability in a system it
has to be managed and one has to pay for it somehow. This can be thru
wasted capacity, lost throughput, increased cycle times, higher inventory
levels, long lead times and/or poor customer service.
We studied how to utilize capacity as a lever to effectively operate under
uncertainty. Managing capacity effectively is not a simple task and there is
not a universal rule that fits all situations. Many factors, varying from
competitive priorities to costs, need to be considered and depending on the
situation the right action should be taken. We have come up with insights
that tell us how this can be done under different conditions. In the face of
uncertainty, by monitoring the outstanding order queue, one can effectively
manage capacity through a class of simple policies that are easy to
implement. Furthermore, a broader set of tools are available to successfully
steer a business and help bridge the gap between demand and capacity.
Using these tools together will enable better management of capacity
challenges.
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