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Renewed interest in measurement issues

Interest was prompted by questions like:  

– What sorts of measurement problems has the 
arrival of the digital economy raised?

• Disruptive nature of some industries

• How to value “free stuff”

• Welfare gains associated with arrival of new goods

– Is the slowdown in measured productivity an 
artifact of measurement problems?

• Possibility that growth in prices is overstated with a 
corresponding understatement of real GDP growth.

– And that these gaps have grown since the early 2000’s

– This hinges on how deflators do the price vs quantity split 
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BEA is contributing to this agenda by….

• Partnering with academics to address some of the particularly thorny 
measurement problems:

– “free stuff” -- Nakamura, Samuels, Soloveichic

– Cloud price indexes -- Sichel

– Smartphone price indexes –- Aizcorbe, Byrne, Sichel

• Exploiting alternative data sources to improve price deflators

– Insurance claims data for medical care price indexes -- Dunn et al

– Administrative data for medical equipment indexes -- Aizcorbe

– Ride-level data for UBER/Lyft and traditional rides to correct potential outlet 
substitution bias problems in transportation services -- Aizcorbe and Chen

• Exploring extensions of the national accounts that could address welfare 
and well-being

– BEA has organized a “Beyond GDP” panel discussion at the 2020 American 
Economic Association meetings to obtain guidance on setting  priorities from 
experts 

• https://www.aeaweb.org/conference/2020/preliminary/1262?q=eNqrVipOLS7OzM8LqSx
IVbKqhnGVrAxrawGlCArI
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Today’s focus:  the price vs quantity split

• Goal is to provide a clear explanation of:
– The role that national accountants see for price indexes --

constant-quality indexes
• Not a discussion of how the official price indexes are actually 

constructed, more a focus on the ideas 

– Questions these measures can address:
• Productivity growth

• Inflation

– Questions they cannot address:
• Welfare gains from the introduction of new goods

• Illustrate these points with a study on smartphone 
prices (Aizcorbe, Byrne and Sichel, 2019)
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Fundamental decomposition
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Splitting out changes in quality from 
pure price change

• Matched model methods measure changes in constant-
quality prices directly and relegate any remaining 
changes in average prices to quality change.

• Hedonic techniques do the opposite:  directly measure 
changes in quality and relegate remaining changes in 
average price to C-Q price change.  
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Matched model indexes require 
granular product-level data
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Chip-Level Data for DRAM Chips
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Model-level prices for IT equipment typically have downward-sloping contours

Assume: 

--model is defined such that the attributes of the model are constant over time.

--prices from entry to exit are observed in the data (e.g., as with scanner data)



How do matched-model methods split out price vs 
quality change?
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Chart 1.  Simple Example of Quality Measurement
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Once you strip out the value of quality 
improvements, the price index falls rapidly
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Chip-Level Data for DRAM Chips
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Price Deflator for DRAM 
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• Once you strip out the value 
of quality change, the 
resulting price index drops 
rapidly.

• The increase in DRAM 
revenues over this period is 
more than explained by 
increases in quality-adjusted 
quantities.   

• NOTE:  This technique cannot 
be applied in all cases (e.g., 
Housing, custom software)

• Technique uses incremental 
improvements to existing 
goods and doesn’t handle 
really new goods (e.g., light 
bulb)



Smartphones:  data from IDC 

• IDC “Worldwide Quarterly Mobile Phone Tracker”, available at 
https://www.idc.com/getfile.dyn?containerId=IDC_P8397&atta
chmentId=47322790.  

• Quarterly-frequency data for 2010-2017

• IDC estimates revenue, units, and prices by model for the U.S. 
market using public and proprietary information from phone 
manufacturers, component suppliers and distribution channel 
companies (e.g. retailers and wholesalers)

• For each model, IDC also provides an extensive list of attributes 
that may be used to estimate hedonic price indexes

• We constructed both matched-model and hedonic indexes for 
these phones
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Smartphones:  matched model methods 
will likely understate quality changes
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• For Apple iPhones, 

prices are flat over 

the product cycle 

and new, better 

phone models are 

often the same 

price as older 

models

• This suggests gaps 

in prices do not 

reflect differences in 

“quality”



Tornquist index for smartphones
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• Tornquist index falls 

about 10% over the 

entire period, a little 

less than one would 

expect given the 

rapid pace of 

innovation

• We attribute this to 

the inability of 

matched-model 

method to properly 

account for quality 

improvements

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

20.0

2011-2013 2014-2017

av
er

ea
ge

 p
er

ce
n

t 
ch

an
ge

s

Change in average prices Matched-model tornquist index Implied quality change



Rapid product improvements in smartphones
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Note:

• Characteristics used in the hedonic regression are attributes of the 

equipment (not the apps, e.g.)



One hedonic regression:  
Time-dummy hedonic price index

ln𝑃𝑖,𝑡 = 𝛼 + Σ𝑘𝛽𝑘𝑋k,𝑖,𝑡 + Σ𝑡 𝛿𝑡𝐷𝑖,𝑡 + 휀𝑖,𝑡
Where:

• 𝑃𝑖,𝑡 is the price of smartphone i in period t, 

• 𝑋k,𝑖,𝑡 is the value of characteristic or performance metric k for 
smartphone i in quarter t (measured in logs or levels, as 
appropriate), 

• 𝐷𝑖,𝑡 is a time dummy variable (fixed effect) that equals 1 if 
smartphone i is observed in quarter t and zero otherwise, and 

• 휀𝑖,𝑡 is an error term.

• 𝛿𝑡 Provide the hedonic price indexes for price change from first 
period to time t.
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Hedonic regression:  
Time-dummy hedonic price index

ln𝑃𝑖,𝑡 = 𝛼 + Σ𝑘𝛽𝑘𝑋k,𝑖,𝑡 + Σ𝑡 𝛿𝑡𝐷𝑖,𝑡 + 휀𝑖,𝑡
Where:

• 𝑃𝑖,𝑡 is the price of smartphone i in period t, 

• 𝑋k,𝑖,𝑡 is the value of characteristic or performance metric k for 
smartphone i in quarter t (measured in logs or levels, as 
appropriate), 

• 𝐷𝑖,𝑡 is a time dummy variable (fixed effect) that equals 1 if 
smartphone i is observed in quarter t and zero otherwise, and 

• 휀𝑖,𝑡 is an error term.

• 𝛿𝑡 Provide the hedonic price indexes for price change from first 
period to time t.

10/2/2019

16

quality Constant-

quality price 

change



Hedonic index for smartphones
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• Hedonic index falls 

about twice as fast as 

the Tornquist index, 

about 20% per year.

• With substantially 

faster rates of quality 

improvement.

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

20.0

25.0

2011-2013 2014-2017

av
er

ea
ge

 p
er

ce
n

t 
ch

an
ge

s

Change in average prices Time dummy hedonic price index Implied quality change

0.0

5.0

10.0

15.0

20.0

25.0

2011-2013 2014-2017

Estimates of quality change

Matched model Hedonic



What can constant-quality indexes tell 
us about economic activity?

• In a national accounting context, the role of 
price deflators is to hold quality constant

• The resulting measures are used to make 
inferences about 

– inflation – relevant for monetary policy, and 

– real output – relevant for productivity 
measurement

10/2/2019
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What if you wanted to measure the 
welfare gains instead?
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• A Radio Shack Ad from 1991. 

• You can do every activity in ad w/smart phone.  

– Make a phone call (w/o wires!)

– Record, store, play, listen to music

– Record, store, play video

– Take a picture, record, reproduce.

– Play a range of games

– Calculate the tip on a bill.

• And you can do a range of activities not on this ad

– Send/receive email.

– Access entire Internet (except throttled streaming). 

– Find best route around traffic.

– Get on an airplane or in a venue w/o paper.

– Calendar/reminder of appointments.

Source:  Shane Greenstein, Technology Policy Institute, 2018

One would have to account for all the things you no longer need to buy 

once you purchase a phone



The resulting index would be relevant 
for a home production account

TABLE 3-1 Stylized Account for Home-Produced Meals in a Household Production 

Account 

Inputs Output 

Family members’ time Home-cooked meal 

Food shopping   

Meal preparation 

Meal clean-up 

Purchased materials 

Food 

Dishwashing detergent, etc. 

Services from consumer durables 

Stove 

Refrigerator 

Microwave 

Dishwasher 

Housing (perhaps) 
Source:   National Academy of Sciences “Beyond GDP”  
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Thank you

Ana.Aizcorbe@bea.gov



Evidence of Economic Growth Acceleration and 
Deflation in the 21st Century

ESCoE Measurement in the Modern Economy
October 8, 2019

London, UK

Leonard Nakamura, Federal Reserve Bank of 
Philadelphia

* The views expressed today are my own and not necessarily those of the Federal Reserve Bank of Philadelphia or the Federal Reserve System.



Fundamentals

• Economists care deeply about productivity growth 
and about inflation

• Productivity growth is about permanent 
improvements in human capabilities
– Temporary dislocations caused by growth don’t matter in 

the long run

• Inflation is about how much a dollar will be worth 
tomorrow in terms of the utility it will buy relative to 
today
– That’s how we measure the return to investments 

www.philadelphiafed.org



Overview

• How much might inflation and growth mismeasurement have accelerated.
• Begin with a very simplified discussion of how we measure output growth 

and inflation
• The 21st century US economy – growth through quality rather quantity and 

free products – makes measuring growth more difficult.
• I will present some very recent work that suggests how much inflation 

mismeasurement accelerated: quite likely at least 1 %
• Rapid advances in technology and consumption are occurring
• I will argue that fundamentally productivity growth is strong and that 

prices are likely deflating in the US (and around the world)
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How we measure consumption 
growth

• Consumption: We measure total consumer expenditures by 
summing transactions (PxQ) 

• We deflate by measuring the price change of very precisely 
defined randomly chosen products at particular retail outlets 
from one month to the next, weighted by transactions
– Doing so holds quality constant

• This works well as long as:
– No new products or quality change (Shapiro and Wilcox, 1996)
– No products with zero prices (Nakamura et al, 2019)
– No change in information on the part of consumers that affect the 

value of existing products (Hulten and Nakamura, 2019a,b)
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Has mismeasurement 
accelerated?

• More rapid change in products on the market
– Twenty or thirty years ago, products disappeared in 25 months on average (as 

measured by BLS in 1983-4 and 1995, Moulton and Moses, 1996) 
– By 2015 they disappear in 20 months (Groshen et al, 2017)

• Our standard procedures don’t measure quality improvements when new 
products appear
– But this is the main way the economy improves
– So we need custom ways to deal with these: but they are everywhere
– Space rockets, DNA sequencing, electric batteries, self-driving cars, 2 way 

mass communication, AI, age-related macular degeneration drugs, streaming 
entertainment 

• Our procedures don’t measure free goods: there is no transaction to 
deflate
– And we don’t know how to include zero prices in our measures of inflation

www.philadelphiafed.org



Inflation is more overstated 

• 20 years ago, we thought inflation was overstated by 
1 percent or possibly more 

• I argue that it is quite possible that inflation 
mismeasurement has accelerated by one percent, 
although with big error bands

• This would mean that the US was deflating 
throughout the Great Recession and probably still is

• This would help explain low long term interest rates 
around the world

www.philadelphiafed.org



Big changes in US time use, 
according to Nielsen

• Q3, 2018 time spent per day on Internet for Adults 18+: about 
4 hours a day! 
– Internet use time 2007: maybe 1 hour?  4x increase!
– The difference was smartphone and tablets.

• What is this time worth?  Why do we do it?
– free products and other new capabilities of smartphones 
– But how to measure the value?

• Brynjolfsson et al asked users what they would have to be 
paid to not use the different parts of the Internet
– In total, the median user valuation (willingness-to-accept) was over 

$30 thousand; this would add about fifty percent to consumption 
expenditures! (Another measure gives $5000).
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We don’t know how to value all 
the free goods from the Internet

• We do pay money for Internet and smartphone access
– Byrne and Corrado use data on Internet and smartphone usage and 

quality of use to argue that PCE growth has been understated by 0.65 
percentage points a year over 2007-2017

• If we count bytes as the relevant quantity, Internet and 
cellular access alone would raise PCE growth by 0.9 
percentage point (Abdiriham et al, 2019)

• All of these are accelerations of mismeasurement since the 
early 1990s
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New papers on the valuation of 
variety

• Aghion et al (2019) measure the consumption value of new outlets: 
inflation understated by 
– 0.52 % in 1983-95
– 0.65 % in 2006-2014 (acceleration about 25%)

• Niemann and Vavra (2019) argue that product variety at grocery and 
drugstores could add:
– 0.8 % in 2004-2016
– If 25 % acceleration, then I conjecture: 0.64 in 1983-95
– Based on heterogeneous household tastes

• Variety and outlet overmeasurement of inflation: acceleration from 1.16 % 
to 1.45 %

• Add in an acceleration of 0.6 % (Byrne and Corrado) or 0.9 % (Abdiriham
et al) for Internet and cell phone services

www.philadelphiafed.org



Since 2005 these innovations have 
been introduced or purchased by the 
Big Four Internet firms

• Apple
– iPhone (2007), iPhone Apps (2008), iPad (2010), Siri (2011)
– 2 billion iPhones and Androids world wide 2018, 2-4 hours daily 

use
• Google

– Google maps (2005), Youtube(2005), Android (2008), Waymo
(2009), Deepmind (2010), 

• Amazon
– Amazon Prime (2005), AWS (2006), Kindle (2007), Alexa (2012)

• Facebook
– Open to all (2006), WhatsApp (2009), Snapchat(2011)
– 1.5 billion daily active users on Facebook and 1 billion on 

Whatsapp!
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How Can we Have Fast Change and 
Slow Measured Growth?

• The consumer products of Google, Facebook, Amazon, 
and Apple do not show up as increases in PCE growth

• Free Products: Google and Facebook, Youtube
– Zero prices incompatible with inflation measures
– Free products replace tangible merchandise such as CDs 

and film
• Unmeasured quality change: Amazon, Telecom, 

– Low costs translate into lower output, not lower inflation
• Outsourcing: Apple

– Apple looks like an importing wholesaler in economic 
statistics
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Genome sequencing costs drop far faster than 
Moore’s Law
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An explosion of progress:
big price drops everywhere

www.philadelphiafed.org

Type Improvement Specific 
DNA Sequencing 10000X Human full genome 

sequence 
DNA manipulation 
CRISPr-Cas9 

60-160x Cost to replace a 
single gene 

Cloud computing 2-3X 
 

Cost to user 

100X Relative to DIY 
Rockets 10x Development of 

Falcon9 
3x Cost per flight 

AI, Libratus to 
Pluribus 

600x Training cost for 
Texas Hold ‘Em 

Self-driving car Lidar 150x Cost per uit 

LED bulbs 10x Bulb cost 
Lithium Batteries 16x OEM Battery cost 
Drug for Age-related 
Macular 
Degeneration 

40x Avastin v. Lucentis 

 



How we see the world

• Is affected quite a bit by an additional 2 % 
growth and 2 % less inflation

• Are real rates really near zero?
• Is the average US household only 1 % better 

off than ten years ago?
• Is US economic progress by far the slowest of 

the period from 1950 to 2017?
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Real long-term interest rates have fallen 3 
percentage points to near zero – but have they 
really?
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GDP growth has plummeted: did 
it really?

www.philadelphiafed.org

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

3.50%

59 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97 99 01 03 05 07 09 11 13 15 17

US GDP Growth per Person
12 year moving average, 1947 to 2018

GDP per capita

2.2 % annual growth, 1947-2005
0.8 % annual growth 
2005 to 2017



Two percent a year is a big 
error!

• But the view that the US economy (and the world 
economy) has slowed down is not credible
– That corporations are earning big profits for doing nothing 

is not credible

• These problems require new approaches 
– In the short run: a second measure of GDP (Hulten 

and Nakamura, Coyle and Nakamura, Brynjolfsson
et al)

– Lots of work by lots of economists as we reach for 
consensus on new procedures
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Why are people so unhappy?

• Maybe superfast change is the problem, not slow 
growth!

• Social and ethical problems caused by:
– High cost and rapid depreciation of human capital
– Two-way mass communication

• Privacy and undermining of democracy

– Genome manipulation
– Robots, self-driving cars, drones
– Space commercial exploitation
– Brain-machine interfaces

www.philadelphiafed.org



Summary

• Without a credible measure of aggregate welfare, economists’ 
ability to make macro policy recommendations will be 
increasingly attenuated.

• In the short run, we may need two kinds of GDP
• We are a long ways from a complete new picture, but a 

tremendous amount of research has been launched.
• Coordinating this research, and maintaining it statistically over 

time so that we can make time series, is the big task ahead.
• Statistical agencies need much more money and much more 

help from top economists
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Thank You!

• I greatly appreciate your time
• The main purpose of this talk is to provoke 

conversation about how to advance improved 
measurement 
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US corporations invest more 
in intangibles

• There has been a steady increase in the rate of 
investment in intangibles: new product development
– Software, R&D, Advertising and marketing new products

• The average public corporation (Kahle and Stulz, 
2017) invests more in R&D than tangibles (relative to 
assets): the reverse was true in 1995

• Intangible investment creates intellectual property 
that has sparked a huge rise in corporate economic 
profits (and market value)

www.philadelphiafed.org



US corporations are investing in new 
product development at torrid rates
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US Corporate profits are 9 % of 
GDP compared to 6.2 percent
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