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Abstract

Human tasks are often multidimensional. Holmstrom and iditg (1991) concluded
that “high-powered” incentives cannot work unless all disiens of these tasks are ob-
servable in the firm. However, as this study shows, if the fiam abserve the price vector
of its products in the market, distinguish each dimensiothefprice vector, and connect
the information with signals from workers in the firm, there thse of multidimensional
“high-powered” incentives becomes feasible. Producedfitiation with committed qual-
ity satisfies those conditions, which has been practicechbyJapanese, but not by the
Western, manufacturing for a century.
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l. Introduction: hedonic prices and effort vectors

A. “Low-powered” incentives in the Western manufacturing and theory

Stock prices are often thought to be good signals of exessitperformance, given that profits
are their “products.” Then, the price of products seems ®rédarly used as a signal to evaluate
the performance of workers. This paper analyzes the comditinder which “high-powered”
incentives' connected with information about the product price, coddfficient.

Many tasks are multidimensional especially where multgpfeensions of product quality
are critical. In that case it could be beneficial to contrtdvant dimensions of workers’ task to
keep the optimal vector of quality.

However, a common style of business in the American manurfiagt has been the mass
production of goods by unskilled workers. At this extrenies benefit from multidimensional
incentives is relatively small because the premium derfvech better quality is small. On the
other hand, Europe has a tradition of manufacturing luxuryds by skilled workers. In this
case, a multidimensional incentive becomes less managbabhuse it is harder to evaluate the
artistically high quality in separate and standardizeohgerAt both extremes, multidimensional
incentives for workers do not seem to work well. Productibstandardized or luxury goods
with “low-powered” incentives for workers is an equilibniuin the Western manufacturing.

This fits the argument forwarded by Ronald Coase and eladmbitat Oliver Williamson.
Coase thought a firm replaces the price mechanism with a @taooordination of inputs to
avoid the cost of pricing.Here a firm is supposed to be intrinsically reluctant to pingaits, or
equivalently, provide incentives. Williamson represertas idea using a clear concept: “low-
powered” incentives are generally used in the firm while Fagpwered” incentives, which
explicitly price inputs, exist in the markétThey believed the main role of modern firms lies
in minimizing transaction costs rather than providing moees with workers, and this views
coincided with practices in the Western manufacturing lherlast one century.

B. Linking “hedonic prices” with incentives

However, as mentioned by Alchian and Demsetz (1972) and rR(&®88), the centralized
pricing of tasks through a better-organized flow of inforimatwithin the firm could be more
efficient than decentralized pricing in the market, if ita®tcostly to observe the market price
of each task because of jointed production, although theatsgelated to the performance of
each task are observable in the firm. This in-house priciagj tbmposes the internal labor
market can be used for career concerns as long-term exalyatimbined with “low-powered”
incentives for short-term evaluation, as shown in WillimmsWachter and Harris (1975), and
formalized as the “career concerns” model by Holmstrom 9)@hd Dewatripont, Jewitt and

1“High powered” incentives reflect a payment explicitly b observed performance and “low-powered”
on a payment based on the opportunity cost of labor. Henceve-fbwered” incentive can be interpreted as a
compensation scheme that only satisfies the participatostaint. Williamson (1985), pp. 131-162.

2Coase (1937), p .391.

Swilliamson (1985), pp. 131-162.



Tirole (1999). But in theory the centralized pricing of tastould also work for short-term
evaluationj.e., provide “high-powered” incentives. If a firm can infer inpt relative prices
of each dimension of tasks evaluated in the market, thenrtheciin adjust its “high-powered”
incentive as an in-house pricing to maximize its profit. @bsd multidimensional prices called
“hedonic prices” could thus be useful instruments to givighRpowered” incentives.

As Rosen (1974) pointed out, “hedonic prices” of differated products are more observ-
able than those of generic goods. But at the same time, theaalyglue of luxuries might be
difficult to decompose into several dimensions of a hedonep In contrast, hedonic prices
of differentiated goods consisting of several decompaséduttors of quality in the middle-
range market seem easier to identify. Then it is feasibléifims in the middle range market to
connect the information about the hedonic prices of theadpcts with the multidimensional
tasks required in production to provide explicit multidinsgonal, or, multitask “high-powered”
with workers and to optimally control their multidimensadrefforts. Hence the production for
middle range market with the “high-powered” incentives\iarkers is another possible equi-
librium, with other equilibria of “low-powered incentivésiith standardized or luxury goods
seen in the Western manufacturing.

The Japanese manufacturing linked hedonic prices to iivesndand moved to this equi-
librium from the beginning of its modernization since theddie 1880s, and the earliest and
the most important example was the modernization of silkmgérom the middle 1880s to the
1900s? In the industry, which was one of the most important drivioge of the Japanese econ-
omy due to its huge exports to the US before World War II, ndutiensional wage schemes
had been developed by the early 1900s. Interestingly thésth@time when firms tried to dif-
ferentiate their products by establishing their own brandbe New York market, which was
the largest in the world. While the quality of raw silk conetd of various aspects, Japanese
manufacturers focused on only a few critical and well-obséidimensions of quality, commit-
ted to them under their brand names, and provided workersingentives to focus on these
dimensions of quality. Japanese raw silk acquired a vaseshdhe US market, although the
high-end of the market was continuously held by Italian rdky and the low-end was occupied
by Chinese.

C. Multiple signals of multiple tasks

This study is motivated by Holmstrom and Milgrom (1991). Awsight of them was in their
focus on the optimization of the “direction” of vector-vallieffort rather than just its “scala.”
Most work done by human beings are multidimensional whilekwdbne by engines are mea-
sured by a single scalar, such as horse-power or torquengianice, individual workers often
have to perform along at least two dimensions: increasiadymtivity and retaining quality. As
easily imagined, it is more difficult to make individuals Wwdroth fast and carefully, rather than

4The silk reeling industry is an industry that produces rallw gireads from cocoons. Raw silk is used as
a material for luxury clothes. For descriptive research lom gilk reeling industry of Japan, see Nakabayashi
(2003, forthcoming).

SHence, a “direction” mentions exactly the “direction” of actor inR™ wherem > 2, rather than just- or
—inR.



just work fast or just carefully. Indeed the result of Holnest and Milgrom (1991) emphasizes
it is difficult for multidimensional “high-powered” inceives to work in a firm.

However, as implied by Holmstrom and Milgrom (1991), it ablblecome easier to use if
some signals of each dimension of effort vector become wabkr by the firm. One important
signal that the firm could observe is the price vector of itsdpicts; the hedonic price. As
shown later, implementing “high-powered” incentives beedeasible if the firm can observe
the hedonic price of its products. Intuitivelfhe more signals, the better it is for the firm
to provide incentivesand this intuition is easily evoked by the “sufficient s¢at” result in
Holmstrom (1979). To be utilized for multidimensional int®es, however, multiple signals
have to satisfy another condition: each dimension of eagiasimust be distinguishable to the
principal. We can summarize main features of the conditfonsnultidimensional incentives
to work on the models in Holmstrom and Milgrom (1991) and iis gtudy as follows:

Multidimensional incentives based on one signgHolmstrom and Milgrom (1991))
Each dimension of the vector-valued signal must be obse&ryaht each dimension of
the error vector of the vector-valued signal can be depentieeach other.

Multidimensional incentives based on more than one signalghis study)
Some dimensions of some vector-valued signals can be umabks but each dimension
of the error vector of all vector-valued signals must be jpeledent to each other

While those conditions will be analyzed in detail in the ngattion, predictions from this
study are:

If a firm knows the multidimensional price vector of its proguin the market,
distinguishes each dimension of the price vector, and &shas a production or-
ganization where the information is preserved and utilizedontrol production,
then the firm can optimize the effort vectors of its workersbpduction of multi-
dimensional incentives.

Hence, this study inquires conditions under which the candgs on multidimensional
“high-powered” incentives are relaxed in a sense, but aemgthened in another sense. If a
firm can observe the price vector of its products, the depsrelan the signal in the firm could
be reduced. However, for the price vector to be useful in&drom to give incentives, it is nec-
essary that each dimension of the price vector can be disshgd. This condition seems to
be satisfied in the middle range market of the products, bitiherein the low-end nor in the
high-end market.

After Holmstrom and Milgrom (1991) presented their themadtprediction about the dif-
ficulty of applying multidimensional incentives within arfir the conditions under which their
use becomes feasible have never been considefdis research tries to close this gap in the
literature.

8An empirical study by Margaret Slade, which applies the Hsttom and Milgrom (1991) model, showed
how their model exactly fits transactions in the market, nithiw a firm, of the Western world (Slade (1996)).
In the Holmstrom and Milgrom (1991) model, the risk aversidrihe agent plays a critical role, and so another
theoretical prediction by them was that multidimensiomailtitask incentives could be optimal for executives who
bear more risk than employees, which was considered bydrelind Xie (1994) and Preyra and Pink (2001).
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In the sectionll , some theoretical predictions are deduced from the modigruimedonic
prices. While Holmstrom and Milgrom (1991) analyzed thedtion of incentives within an
organization, this paper is also interested in the streanfafmation that flows from the market
into an organization. Inquired first will be the condition ek more than two signals can be
utilized to provide incentives, considered then will be aecavhere two signals — observed
performance in the firm and observed price vector of the ptsdn the market — are utilized.

Sectionlll estimates the compensation scheme in a silk reeling factony depicts its
changes from the 1890s to 1910s. It will be shown that a 4-dsio@al wage scheme was built
in the early 1900s when the firm established its own brand riarddferentiate its products.

SectionlV evaluates how each dimension of the workers’ effort waswipéd.

SectionV sums up the results and discusses further related topics.

ll. Theoretical predictions

A. The standard model of multidimensional incentives

The model from Holmstrom and Milgrom (1991) is first outlineere. Consider a multidimen-
sional task. An agent has a particular amount of attentiohea#his endowment, and allots
her/his attention to each dimension, which composes anteffotort™ = (t1,t,, ..., t,,).

Suppose that there are two dimensionandt, in the task, and that the principal observes
signalsx; andz, of t; andt,, and relates these signals to the wage. If the two dimensions
are substitutes and one of them is unobservable, then the &g to get a higher wage by
increasing her/his effort for the observable one and dsorgaffort for the unobservable one.
In this case, it is necessary to use “low-powered” instedthigh-powered” incentives in order
to have workers pay attention to both#gfand¢,. We can summarize the discussion on “low-
powered” incentives in Holmstrom and Milgrom (1991) asduls: Suppose that inputs to each
dimension of the task are substitutes. Then, unless evergrdiion of the task is sufficiently
observable, multidimensional “high-powered” incentiage generally difficult to apply, and
“low-powered” incentives are more efficient.

B. Hedonic prices in the market and multidimensional tasksm the firm

Since Waugh (1928) and Court (1939), the quality of prodhasbeen thought to be intrinsi-
cally multidimensionaf. Suppose that consumers in the market have a multidimenrsitits
function that is concave with respect to every term of thedpob quality, and they assign an
[-list of quality magnitud€q, ¢»..., ¢;) to amountQ of a product they purchasee., suppose
that the market has a hedonic price functidg’). Hence, the hedonic prigéq’) is a mapping
from a vectorg’, whose coordinates specify the quality magnitude of thelypebto a specific
amount of money. By marginally changing the relevant qualify wherei = 1, ..., [, the firm

"Holmstrom and Milgrom (1991), pp. 34-35.
8Also see Court (1941a, 1941b), Griliches (1961), Lanc44@86), Baumol (1967), Rosen (1974), and Epple
(1987).



accordingly observes marginal changes of price, thus camapnate the shape of hedonic
price functionp(q’) in the neighborhood of the amou@tof the product.
Then, the firm can infer thé/ + 1)-dimensional price vector of the produptq)® =

p(p1(q1), - pi(@), i1 (q+1)), whereg,,, specifies the quantity.e., ¢ = Q.

C. The model of multidimensional incentives with multiple sgnals

Now consider a case where a risk-neutral principal utilizesgnals of a risk-averse agent’s
effort vectort. Putm = [ + 1, which is the number of dimension of the price vector of piidu
and suppose,

t > 0: k-dimensional effort vector generated by the agent.
C'(t): private cost function of the agent, which is strictly coxwe
B(t): gross benefit to the principal, realized by the agent'sreffo

p;(t) : R* — R wherej = 1,...,n: m-dimensional outcome realized by thelimensional
effort vectort.

x;(t) = p;(t) + €;: m-dimensional signal vector of.-dimensional outcome vectqr;(t),
observed by the principale; stands for the measurement error vector of the outcome
vectoru,;. €, ..., €, are independently distributed with ~ N (0, ;).

u(w — O(t)) = —e "w=C®I: Constant Absolute Risk-Averse utility function of the ag®
o m-dimensional incentive vector.

(. transfer of total surplus for allocation.

Supposet = m, and thei-th coordinate ofu;, 1;;, is a one-to-one mapping of theh
coordinatet; of t. Then the principal can use the signal, j = 1,...,n, to construct the
compensation scheme, which extends the model of Holmstnohvislgrom (1991) for multiple
signals, such that

(1) w=a" [Nz, (t) + Dxy(t)+, ..., +x,(t)] + 3= a” [ZI’h pr(t) + €] | + 05,

wherel is ak x k matrix. Then,

ol Sh_y Thpn ()+6-C(H)—5aT [Th_, thhr‘h]o{|

w(CE) = E[u(w - C()] = —¢ 2 ,

so that the agent’s Certainty Equivalent is

9Holmstrom and Milgrom (1987), p. 307.



+ 8- C(t) -

CE = aT [Z Fhl-lfh(t)
h=1

and the Total Surplus is

Z FhEhFh] (0%
h=1

TS = B(t) — C(t) — gaT

i[‘hEhI’h] (8%

Then the contradtt, o, 3, I;), j = 1, ..., n, must solve

2) max B(t) — C(t) — 5(1 LZ; nx.r|a j=1,..n,
(3) subject tot = argmax a’ Z Lopn(t)| + 58— C(t). (IC)

The principal must choose the optimal weight of signfssuch that the variance of wage
>, IX,.T,) e is minimized. Here we have to note there exists a conditidvetsatis-
fied by each covariance matri;, for the uniqueness of this problem’s solution.

Proposition 1.

For j = 1,...,n, suppose that each dimension of the measurement eyrof the signake; is
nonzero so that the variance of each dimensiom,;0of positive. Then, the optimal contract
which solveg2) is unique only if all dimensions ef are independent from each other, so that
the covariance matrix’; of ¢; is diagonal.

Proof. See the Appendix.

Proposition 1says each dimension of the signals must be clearly distshgiie from other
dimensions by the principal. If some dimensions:pfre not independent, then the sigral
cannot be utilized as a signal of the same dimensions of tbe &ectort with other signals
Zi,...,Tj_1, %41, ..., L, IN the compensation scherfi). If the principal nevertheless wants to
use suchx;, he should use it as a signal of another aspect of the agdfat's e

Therefore, if the principal wants to use multiple signalghmy procedure shown above, each
dimension of any signal must be distinguishable from eablerpte., respective elements of
the signals must be easy to find. If the firm, for instance, wémuse the hedonic price of its
products, each factor of the product quality must be obsoyeconsumers easily, so that each
dimension of the product’s hedonic price is separately eseby the firm. In other word,
the hedonic price cannot be used as a signal if the compogifithe quality product is very
complicated so that respective factor of the quality is nell distinguishable to consumers, as
happens for very luxury goods.



Focusing on the situation where multiple signals are usethéyirm, suppose for the re-
minder of this paper that each dimension of the measurenmmente is independent to each
other so that’; is diagonal, hence suppose that optidials a diagonal matrix whose diagonal
entries arey; ;, forj = 1,...,nandi = 1, ...k. Also suppose that < 7, ;;, > »_, vn i = 1, for
j=1,..,n,i=1,.. k and normalize outcomes such thatt) = pus(t) =, ...,= p,(t) = t.
Then, sincé_,_, I, = I, (2) and(3) are reduced to

(4) max B(t) — O(t) - gaT [Z nx.hla j=1,..n,
A h=1
(5) subject tot = argmax oa't' + 3 — C(t').
t/

DenotingC;; as the Hessian df'(t) with respect ta, the first-order condition of5) gives

W]t v
ot Y D

©) a= |20

The first order condition of4) with respect tdl’; is

=[Cy] ™.

(7) r=x;" [i%ll ,

which minimizes the risk to the risk-averse agemt, the variance of wage?®
The first-order condition of3) with respect tax is

OB(t) '

®) a= |7

Z r,x,.r,

h=1

Combining(7) with (8) gives

1°Put0]2-_,“-,j =1,..,n,i = 1,..., k, as the diagonal entry on theth row of the covariance matri¥X’; of the
error vectore; of signalz;. Then, the row vectofyi s, ..., ¥j,i ---, Tn,is) CONSiSting of diagonal entries arth
rows of I';, j = 1, ..., n, is given as the “minimum variance portfolio”

T 2 -1 T 2 -1
1 o1y --- 0 1 o1y .- 0 1

1 0 ... o2 1 0 . 1

n,it n,it

Then,I'; whose diagonal entries af;, ..., 7} 5, above is equal tg7).



_19 T

9) o= a%t) I+r 3 [Z 2_;1] [Ci]
h=1 g=1

The following is a description of this procedure by the pipad: The principal
1. observes the signais(t), forj =1,2,....n,

2. assigns the information weight mati% to =;(¢), such that the variance of the compen-
sation, which is the risk to the agent, is minimized,

3. and then chooses an incentive veetosuch that the total surplus should be maximized.

Now suppose: = 2, that is, suppose that the firm uses two signals of the effector
t of the agent; the quality and quantity of the product gemeran the firmu,(t) = u(t),
and the price vector of the product in the markgtt) = p(t). Letx(t) = p(t) + € be the
performance of the worker observed with some noise in the famd letp(t) = p(t) + € be
the observed price vector with some noise in the market. Dngpensation scheme is given
by w = a’ [[,x(t) + IL,p(t)] + 6. Normalizeu(t) andp(t) such thatu(t) = p(t) = t. In
addition, consider the case whére- 2, such that

. tl _ a1 . O'% 0 . §12 0
_(tg)’a_(a2)72“_(0 O'% ’Zp_ 0§22 ’

wheret, andt, respectively stand for the quality and the quantity of thedpict.
Then, from(8), we have the optimak such that,

(10)
_ ([ (ot + 1) [(0F + 6§ + 10365 C) By — 10563 BoCho
(03 +63) [(0f + < +r0isiCi1) By — ro76i BiCha)
-1

2 9 2 9
ros¢:C roiczC
(eF+Dos+3) ( 1+ 25 + =
0'1‘|—§1 0'2‘|‘§2

An interpretation of the result can be summarizedPasposition 2 andProposition 3 be-
low.

2. 22 2.2 2
) + r’oisiossy (C1iCa — Cy)

Proposition 2.

(a) If any dimension of the performance vecjot) of workers in the firm or the price vector
p(t) of the product in the market is neither perfectly unobselwabor perfectly observable
(i.e.,0 < 0 < +o0and0 < ¢? < 400, fori = 1,2), then itis optimal to use information about
both u(t) andp(t) for each dimension of the effort vectbin order to provide an incentive.
(b) For thei-th dimension ot, if u(t) or p(t) becomes perfectly unobservalfte — +oo
or ¢ — +o0), then it is optimal to ignore the signal from the unobsereabhe and use
information only about the observable one to provide anrive. For thei-th dimension of
t, if u(t) or p(t) becomes perfectly observalite’ — 0 or ¢ — 0), then it is optimal to use
information only about the perfectly observable one.

8



Proof. See the Appendix.

Consider the conditional joint distribution for a givena@ff¢;, f.(z;|t;)f3(Pi|wi t;) =
f(xs, pilt;). Supposé) < o2 < +oo, and lett” andt. denote high and low achievement of
dimensioni of ¢, respectively. Then the likelihood ratit(z;, p;[t?)/ f (z;, p:|t)) depends om;
if and only if 0 < ¢? < +o00. HenceProposition 2 shows that the “sufficient statistic” result of

Holmstrom (1979) holds for this mechanism.

Proposition 3.

Supposé < o7 < +oo and0 < ¢? < +o0.

(a)If thei-th dimension of the performance vecjo(t) in the firm or the price vectop(t) in the
market becomes less observahtg or ¢? increases, then it is optimal to weaken the incentive
for that dimension.

(b) If the both of two signals of a dimension become less/moserehble, then the ratio of
marginal decreases/increases of incentive on the dimendie to the marginally increas-
ing/decreasing noises of the signals must depend on theseewé the ratio of noises of the
signals.

Proof. See the Appendix.

As Proposition 3indicates, when théth dimension ofu(t) becomes less observable, the
firm can keep must re-weightth dimension ofp(t) by adjustingy;; accordingly, and can
keep the incentivex instead of giving up the whole incentive. Also, the adjustii® the
increased noise of a signal must depend on the noisinesg atthier signal. This shows that
the conditions for the multidimensional “high-poweredtémtive to work can be relaxed if the
firm uses information abouyi(t) as well asu(t).

In business practice, this point could be important. A wageme depending only on a
signal is naturally sensitive to the noise of signal, so thatrisk might be too large to be bur-
dened by the agent. This is often an important reason to givkal“high-powered” incentives.
Adjustment among signals and reduction of risk solve thidb@m to some extent.

As shown by Holmstrom and Milgrom (1991), as long as the firmsusnly information
within the organization, the conditions for the multidinseanal “high-powered” incentives to
work are strict. However, if each dimension of the price vegi(t) is observed and distin-
guishable from each other &oposition 1requires, and if the firm can preserve the stream of
information about the price vector, then a multidimensliameentive becomes easier to use, as
Proposition 2 andProposition 3indicate.

Related to this point, another remark is also necessary.

Remark.

Sincep(t) shows the aggregate performance of all workers of the firntevat(it) is individu-
ally generated, information abowit(t) can be utilized to provide an incentive only for aggregate
performance, not for individual ones.

Now that the benefit from the market-oriented multidimenaloncentives looks rather

9



straightforward, the next question is under what condgitre price vector can be observed and
each dimension of it can be distinguishable by the firm. Thst-base scenario is a monopoly,
where the firm can easily observe the change of each cooedafai(t) by increasing each
coordinate ofg(t), without any noise from the pricing of other sellers’ prottucThe worst-
case scenario is that a firm just sells a generic product adahee price as other sellers in the
market do, where the firm is never able to observe a priceaserrom their efforts to enhance
a dimension of quality.

However, if information about quality of a product is not feetly observed by buyers at
the time when they buy it in the market, then some firms willtyestablish their own brands
that guarantee some quality in order to differentiate italpct and receive a quality premium
from buyerst! Consider the establishment of a brand a little more casefuil practice, there
are two kinds of brands. One is a brand of luxury goods sucheg&tiropean fashion brands.
The quality of these products is hard to evaluate at the tinpei@hase, so consumers choose a
product by relying on the established image of its brand. dther type is typically a brand of
electric appliances or automobiles for the middle-rangeketa The quality of these products
can be seen in catalogues or as samples, and firms whosegoatapecs and samples are
credible find it optimal to establish their brands to reflécst The quality of Japanese electric
appliances and cars can be seen in catalogues and as satgheps and their catalogues
and samples are believed to almost exactly show the reaityjoathese products so that the
reputation of their brands are kept.

The condition ofProposition 1 might not be satisfied in the first type of brands; luxury
brands. However, the second type of brands of differemtigt®ducts in the middle-range
market could satisfy the condition éfroposition 1. Hence, if the second type of brand is
established, then the price vector is observable to thelisumghen consumers differentiate the
multidimensional quality of the product and then buy it. BEviethe market for such brands is
competitive among suppliers that have established thairds so that suppliers are price takers,
each supplier can observe the price vector of her/his pteduc

Then the firm may try to use the information about the priceaoreaf its brand to control
incentives within its production organizations, which éed happened in the Japanese manu-
facturing a century ago. Before studying the details, Rtimmarize the theoretical predictions.

Prediction 1.

If a firm can observe the price vector of its products by d#ifgiating them through the estab-
lishment of a brand name, and if the firm can construct a prtdamrganization where the
information is preserved and utilized to control produatithen the firm can introduce multidi-
mensional incentives and optimize the effort vector of exsrProposition 1 and Proposition
2).

Prediction 2.
If a firm can observe the price vector by establishing its braa that it can use the information
about the price vector as well as the outcome observed intetd provide incentives, then

1IKlein, Crawford and Alchian (1978), p. 306. Klein and Leff{@©81).
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these incentives will be given for the aggregate perforreaiall workers as well as individual
performance, since the price vector is a signal of aggregaréormance Remark).

Prediction 3.

Consider a product whose brand is established in the matkébe relative observability of a
dimension of quality changes in the market, then the muigdgisional incentive must change
accordingly Proposition 3).

lll. The wage scheme in early 20th century Japan

A. Establishment of the brand

The modern silk reeling industry in Japan grew in the middi8as and increased exports to
the U.S. dramatically. The Japanese share of the U.S. ntsakleeached 50 percent by the end
of the 1880s, 70 percent by 1910, and 80 percent in the 1926sybelming both the Italian
and the Chinese silk reeling industries. This was the firsecghere a competitive export
industry led Japan’s economic development, which has erated by various manufacturing
industries since thett.

When raw silk was traded in the market, it was priced accgrtbrseveral factors of quality.
However, it had been almost impossible for silk reeling nfacturers to acquire information
about this price vector in the New York market until the ed880s. Prior to the 1880s, the
Western trading companies put their trademarks, or “peicéiops,” on the raw silk after they
inspected and re-packed it, before exporting it to Europktla@ U.S. Thus, the quality premium
and the information about the price belonged to the Westathirtg companies that owned the
“private chops.”

In the middle 1880s, however, leading manufacturers organcooperatives for joint in-
spection and shipment, and they put their trademarks, agitad chops,? on their products.
The New York raw silk market was a spot market where raw silk waded by sample. Thus
the establishment of a brand meant that its samples wergnizeal as credible, and the pro-
ducer of the brand was able to observe the price vector ohisgpfoducts. By establishing
producers’ brands, the quality premium and the informadibout price thus came to belong to
those manufacturers’ cooperatives, not to Western tractngpanies. It meant, however, that
the most important information about the price and effodtees was still unknown to each
member manufacturer of a cooperative. Only the coopesitieadquarters, which conducted
the joint inspection of products, recorded the performarieeorkers, and guaranteed the qual-
ity of the brands to the market, possessed the informatioessary to evaluate the performance
of workers.

Hence, major manufacturers withdrew from cooperativet, lange factories that included
inspection processes from the late 1890s to the early 19@@sestablished their own brands.
This allowed respective silk reeling manufacturers to fingkasp the stream of information

12Nakabayashi (2003), pp. 1-59.
3Trademarks of trading companies were called “private chapd those of silk reeling manufacturers were
called “original chops.” Duran (1913), pp. 105-106.
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about the price vector in the market. Then multidimensiora@ntives were introduced by those
manufacturers. Usually,abor productivity Material productivity'* Evenness of threatfsand
Luster of thread®f raw silk were monitored to provide incentives.

B. Determination of the wage

Now let us inquire about the real process of optimizing tHeref/ector. One example here is
that of the Kasahara Factory, in Suwa County, Nagano Prefsaihich was the central district
of the industry in Japan. In the silk reeling industry in Su®aunty, all workers were young and
female, all of them lived in dormitories of the firms they wed<for, and all their living expenses
were paid by the firms. They were not unionized in the relepaniod, so that obstacles to the
introduction of new management practices were small. Eympémt contracts were usually
one-year and turnover rate in a factory between two consecyears was generally higf.
Also the technology of reeling raw silk did not require warkéo literally cooperate. In general
wages were determined by the ex post relative evaluation tighathe effects of common
exogenous shocks were excluded; hence the incentivekedvirse workers were enhancéd.
Workers received by lump-sum payments at the end of yeadditian to the living expenses.
The Kasahara Factory followed these common practices.

Until the early 1900s, the Kasahara Factory had belongeattmperative for joint inspec-
tion and shipment under the cooperative’s brand. Those, dayg Labor productivityand
Material productivityhad been systematically recorded in the Kasahara Factagtesmine
wages, not dimensions related to the quality of the prodirasv silk that did not satisfy a spe-
cific level of quality was excluded from shipment, but theutessof inspections were not used
for determining wages. The Kasahara Factory stopped catypeinspections and shipments
at the end of 1903, and began to inspect raw silk independandl ship it under its own brand
in 1904.

Since 1904, in order to determine wagégLabor productivity 2) Material productivity
3) Evenness of threadand4) Luster of threadsvere systematically recorded at the Kasahara
Factory, wherd_uster and Evennessvere critical dimensions of quality. These dimensions
were recorded for all produced raw silk everyday during tispéction process before shipment.
During the year under the contracts, workers’ performanes® recorded every day, relative
performances were calculated every half month, and workéists followed the overseers’
guidance based on the recent half-month performatc&hen wages were paid at lump sum
according to the relative performance of each worker attioeoé the year. This practice spread
throughout Suwa County in the 1900s, a case of which was teal&aa Factory.

Material productivitywas the amount of a product over a unit of material (cocoomjckvrevealed the
performance of economizing on the raw material: cocoons.

1SEvenness of threadsas the most important factor of quality in the U.S. markéteve power looms for mass
production prevailed.

16Thus the career concerns were not relevant.

"Holmstrom (1982a).

BHunter (2003), pp. 144-189. Nakabayashi (2003), pp. 248.-25

®Therefore the practice satisfied the condition in which adincompensation scheme can be assumed (Holm-
strom and Milgrom (1987), pp. 316-322).
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Table 1 shows the wage distribution that does not includditirey expense paid by the
firm. Large variance in the table indicates a feature of thghtpowered” incentive of this
wage system.

C. Construction of the wage scheme

In the Kasahara Factory, the wage scheme had been two donahsntil the early 1900s, as
shown in Table 22°

Scheme 1897
w: wage x;: Labor productivity z,: Material productivity

(12) W= a1x1 + s + B, ag,as > 0.

However, since 1904, the wage scheme has had four dimeresdofows:

Scheme 1904
w: wage x. Labor productivity z,: Material productivity x3: Evenness of threadse,:
Luster of threads

(12) W= Ty + Qs + 33 + auTy + F, ay,an, 3,04 > 0.

The regressions afl2) are in Table 2. In 1904, the Kasahara Factory incorporatdd-an
spection process into its own factory and began to sellvissitk under its own brand. With this
organizational change, the Kasahara Factory could actheérsignake(t) of the effort vectort
that included quality dimensions, and recorded it in théydaspections. Furthermore, it was

20The coefficientsys anday of 3 andxz4 are unstable in some years on Table 2. It is supposedly fram tw
reasons. One is that: Evenness of threadmdt,: Luster of threadsboth of which were for cleaner threads,
presumably interacted with each other. Indeed, the coeffiaf the interaction term of a standardized regression
through the origin with year dummi&&l9XXis significant as follows:

w1904-1913 :1.387x:{.904-1913+ 2.506x%904-1913+ 0.0181%904'1913+ 0.041x1904-1913+ 0.025($3$4)1904_1913
p value for ¢ 0.000 0.000 0.001 0.000 0.000

—1.085Y1904— 1.116Y1905— 1.026Y1906— 1.301Y1907— 0.708Y1908
000 0.000 0.000 0.000

0.000 0.

—0.798Y1909- 0.809Y1910- 0.809Y1911—- 0.460Y1912— 0.780Y1913
0.000 0.000 0.000 0.000 0.000

p value forF' : 0.000. The number of sampleg; 235.

The other reason was a discrepancy betweeranteincentive andex postperformance. If all of workers
were on the path of incentive mechanism and performed gxasthuided, then their performance should have
concentrated on the optimal point so that their performahoeild be the same, hence a regression of observed
ex postdifferences of their performance to the wage should not iav&or instance, the sign efy in 1910 is
opposite in Table 2, but it was not because workers did ntovidhe incentive fot 4, rather because they followed
it very well as shown on Table 3-c (discussed in the nextseyti

The wage scheme in Table 1 estimates the final result of @iogla wage. The actual practice leading to the
result was a little more complicated. See Nakabayashi (2@@3 256-268.
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able to acquire information about the price veghtt) of its own productsi.e., another signal
of t. Prediction 1 suggests at this point the Kasahara Factory could introdacexplicitly
multidimensional “high-powered” incentive scheme, angas exactly what happened.

The aggregate performance, given the price in the markebeapproximated by the return
on salesj.e., profits over sales. Indeed a regression of the real wageetoetiurn on sales
through 1904-1913 shows a significant relattéThis indicates wages, at least to some degree,
depended on the overall performance of the firm. In other sdiht portion of the wage was
determined as a reward for the aggregate performance oftibkeviactory, a resulPrediction
2 suggests.

Since it was not necessary for workers to literally cooperatreward for aggregate per-
formance was just for aggregated effort, not cooperatitiwigc However, a contemporary
observer in a local newspaper pointed out that rewards foreggte performance were also
useful to keep up workers’ morafé.

Next, we will check whether the effort vector was really optied during the process.

IV. Optimization of the effort vector

A. Substitute dimensions

In the silk reeling industryMaterial productivityt,, Evenness of threads, and Luster of
threadst,, all of which needed careful processing, were obviouslysstilies forLabor pro-
ductivityt, . If the relative price of labor and material changes, antiferelative “price” of each
dimension of the quality changes, the effort vector thatimaes profits changes accordingly.

B. Controlling the direction of the effort vector

The firm’s target was some optimal effort vectot = (¢4, ¢4, 5, t3) = (1, £/t t5 /t5, 5 /15).
Neither Material productivityt,, Evenness of threads, nor Luster of threadg, needed to
be enhanced infinitely. Rather, given the relative priceléarcthe product market, the labor
market, and the raw material market, optimal levels of thaliquof product and the material
productivity were decided such that profit was maximized.

2IA standardized regression is as follows:
RW: real wage.ROS: return on sales of the Kasahara Factory.

1904—1913: 1.06733%904_1913* 0.10833%904_1913+ 0'0523:::;904—1913+ 0'024331904—1913+ 0.025R051904_191?f
p value for t 0.000 0.000 0.000 0.000 0.000

p value forF' : 0.000. The sample numbets:235.
The sign ofx, is negative probably because heavily depended on the quality of material cocoon, whicmngjed
due to the weather of each year, so that the coefficient ofplodéhta ofr, for multiple years do not necessarily
depend on the performance of workers. It is indicated by tinatcoefficient is significantly positive with year
dummies in the note 25.

22Haizanbo, “Kawagishimura no ichinich (5)” (One day in thew&aishi Village (5)),Shinano Mainichi Shim-

bun(Shinano daily), Nagano, July 28, 1903.
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Therefore, if workers’ ability was sufficiently high, theittention had to be allotted to each
of Material productivityt,, Evenness of threads, andLuster of threadg, such that the optimal
levels of them were satisfied, and the rest amount of worletshtion, if they had, had to be
allotted toLabor productivityt;, at the optimum. However, if some workers’ ability was not
sufficient so that their attention was not enough to sattsfyaptimal levels of the,, ¢35, andt,,
the firm had to instruct them to enhance all of the,, t5, andt,.

Thus, according to the distribution of ability of workerketfirm was supposed to instruct
less able workers to enhance all dimensions., t3, andt, with some weights, and instruct
abler workers to fix dimensions, t3, andt, at the optimal level and to enhantge

Hence, on thet,,t;) plane(i = 2,3,4), plots of performancét,,t;) of workers were
supposed to follow an increasing and bounded-above fungtiq) if the effort vectort was
optimized. Then, the image of the signe(t) on the (z1,z;) plane(i = 2,3,4) was also
supposed to converge an increasing and bounded-abovéfuactording to the optimization
of the effort vectott.

Motivated by a Gaussian kernel regressiorLabor productivityz; andMaterial produc-
tivity x5 (Figurel), we take a first approximation of such a function with

(13) ri=m/x1+ 12, 0<z;m <0;i=2,3,4.

C. The optimized effort vector and information from the mark et

The image otr(t) on theLabor productivityz,- Material productivityz, plane had not been
optimized at all in 1897 or 1901 (Table&d; even thougtMaterial productivityz, had been
recorded (Table 2). The inspection process had been caietly the headquarters of the
cooperative before 1904, not the Kasahara Factory, so teat ieformation abouMaterial
productivityhad probably not been handed to Kasahara on a daily basiseHlka Kasahara
Factory could neither monitor nor instruct the effort vedt@f workers on daily basis. Conse-
qguently, workers increasddibor productivityr; by decreasing/aterial productivityxz, below
the optimal level. It was optimized after 1904 (Tabla)3-

The process of optimization can also be seen orLaédeor productivityz; - Evenness of
threadszs plane since 1904 (Tablel®-

For Labor productivityt;, Material productivity,, andEvenness of threads, the effort
vectort has been well controlled since 1904, when the Kasahara liyastirted independent
inspection and made its original brand. On the other hardntiage oft on theLabor produc-
tivity ¢, - Luster of threads, plane was optimized as late as 1908 (Tablg.3-

Interestingly, some changes occurred in the US market ddgbmning of the 1908 season.
The Silk Association of America, the industrial body cotisig of silk manufacturers and mer-
chants, suggested a method of classification for Japanasd<of raw silk, using a standard
brand as a measure. Using this standardized measure albowyers to more easily differentiate
the quality of raw silk sold by different brand% At the same time it enabled manufacturers to
better observe the price vector from the purchasing behatiouyers in the New York market.

Z3“Classifications of raw silks,The American Silk JournaNew York, vol.27, no.7, 1908, p. 23.
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Indeed,Luster of threaddecame more effective for the determination of wages in 153183
than it had been in 1904-1907.

As Prediction 3 claims, faced with a changing market, the firm observed.tiserdimen-
sionp, of p(t) more clearly, and enhanced the incentivefor dimensionz, of the observed
performancer(t), both of which were signals af, of the effort vectort. Then, the image of
x(t) on the(xy, z4) plane converged to the optimal curve (Table, Figure 2), which reflects
the optimization ot on the(¢,, t4) plane.

The incentive scheme worked on the basis of information fiteeproduct market, as well as
information in the firm, a®rediction 1 mentions. Moral hazard by workers had been a serious
problem until the early 1900s, but after 1904 this problem baen almost completely solved.
After 1904, the Kasahara Factory established its own brandnainstrument to capture the
stream of information about the price vector of its produgtsized it to control the incentives
of workers, and explicitly optimized the multidimensiordfiort vector of workers.

V. Discussion: a viewpoint of comparative analysis

A. A tradition of multidimensional incentives

As predicted by the model, the establishment of a brand trettled firms to observe the price
vectors of their products made the introduction of “higlwpoed” multidimensional incentives
for workers possible.

In the Japanese silk reeling industry, manufacturers ksialol their own brands to acquire
quality premiums that had belonged to trading companies.€Btablishment of brands accom-
panied the construction of an organization to inspect thaditgu Within this organization, the
multidimensional performance of workers had begun to beitoed and recorded. As a result
of these organizational changes, silk reeling manufarg@equired information about the price
vector in the market and about performance of their worketbeir factories on a daily basis.
By taking advantage of this condition, they were able torojze the effort vectors of workers
by connecting information about the price vector with thiathe effort vector. The informa-
tion stream of the price vector from the product market wésiehtly utilized for controlling
incentives in the firm.

24Standardized regressions through the origin with year digs¥19XXare below.

w1904—1907 1.334x 2{.904 1907+ 1. 1151‘1904 1907+ 0. 0781‘1904 1907+ 0. 0401‘1904 1907+ 0 021(1‘ 24 )1904 1907
p value for t 0.000 0.009 0.001 0.012

—0.677Y1904— 0.706Y1905— 0.721Y1906— 0.953Y1907
0.001 0.001 0.000 0.000
p value forF' : 0.000. The number of sampleg68.

U}1908-1913 =1.371z :{.908 1913+ 5. 139%%908 1913+ 0. 018:C1908 1913+ 0. 021x1908 1913+ 0. 028($5$4)1908 1913
p value for ¢ 0.000 0.000 0.004 0.000 0.000

—2.162Y1908— 2 487Y1909— 2 481Y1910— 2.488Y1911— 1.322Y1912— 2.424Y1913
0.000 0.000 0.000 0.000

p value forF' : 0.000. The number of samples: 467.
The coefficient oft, was more significantin 1908-1913.
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B. Segmented quality of Japanese cars

This parable of a historical experiment contains some icagilbn to understand the contempo-
rary difference between the Japanese and the Western rcauruig.

For two decades, Japanese cars have had a good reputatauséedt their quality, and, in
2006,Consumer Reportsfinally ranked “Japanese models as its top choice in all 1Gclesh
categories.” However, what is this good quality? The anmaalbuying guide ofConsumer
Reports'is based on tests of more than 200 models, covering perioceaomfort, safety and
fuel economy, among other factoS. Thus the kind of market reports usually evaluates cars
along several categories, such as engine troubles witlew gdars after purchase, or driver sat-
isfaction in handling, and so forth. Then those reportssitpgars by summing up the points
given to respective categories or terms. Therefore, th@jiaitly assume that consumers’ eval-
uations, or utility functions, are additively separableoss standardized categories. In other
words, the fact that Japanese cars achieve high qualitygsetneans the additively separable
dimension of their quality components are high. Japaneseneaufacturers likely optimize
the quality components of their cars subject to the multedisional price that reflect the addi-
tively separable and standardized benefits their customaees/e from the quality. On the other
hand, the benefits of owningGorvetteor Porscheseem to be hard to separate and calculate in
their separated components, and in such a high-end maagemdse cars have been relatively
unsuccessful. Therefore the Japanese auto industry satiypgood at hedonic approaches to
guality control in the middle range market, as the Japanéseegling industry was a century
ago. This is exactly a point directly relatedRoediction 1. The Japanese manufacturing has
focused on the middle range of the market, where each dimeia$ithe quality can be easily
distinguished from the others, Bsediction 1 requires.

Another particular feature of the Japanese manufactusitigat multidimensional evalua-
tions for wage and promotion schemes are imposed on blla-eebrkers as well as white-
collar workers to keep product quality highCombined with career concerns, these compen-
sation schemes consist of multidimensional incentives.

Given those casual observations with the analysis of tlEsareh, the multidimensional
“high-powered” incentives on shop floors seem to work bgiftére quality control is conducted
in well-defined multidimensional terms.

That story also induces us to return to the understandingeofliorders of firms” implied
by Alchian and Demsetz (1972). A firm tries to exclude intediagy players and incorporate
transactions if it can acquire a quality premium with snraltansaction costs. At the same
time, the firm can increase total surplus if it can presereeitiiormation stream from the
product market to optimize the effort vectors of workershia production organization. Hence,
the borders of the firm can also be decided by the benefits fraatitg and incentive controls,
as well as the transaction cost, as seen in the Japaneseactamiugy more than one century
ago.

25Consumer Reports New Car Buying Guide 2006nsumer Reports Books, June 12, 2006.
26Financial TimesMarch 2, 2006, p. 15.
2TA0ki (1988), pp. 49-98.
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C. For a comparative analysis

It has been shown that a multidimensional “high-powered®entives can be efficient under
some conditions. Then why are similar organizations rateenWVest? In the US, Ford style of
the “contractually fixed wage” became dominant for bludaralorkers in the auto industry in
the 1920-30s, ironically when they discovered the concefitedonic prices” (Waugh (1928),
Court (1939)). European auto industries had followed suible 1970s. A reason why the fixed
wage was taken there were with some combination of the ndmtéagy for mass production
and the new management affiliated with it. However, anotloantpvas that incentive wages
had to face union conflicts, and fixed wages have been a pagre¢ments between firms and
unions in the Western manufacturing industries until nom.tHe auto industry, for instance,
while many Japanese practices were introduced in the 18898)dustry’s standard pay struc-
ture based on an agreement between the Big Three and the Uf@imed, and the Japanese
style of an individualized and “capability-based” wagetsyss have been rejectétl.

The inertia of American industrial relations can be tracadkoto the very beginning of
industrialization in the U$? Hence an important factor is probably the historical patthef
industrialization. The modern textile industry was a newiplemented industry in 19th cen-
tury Japan, and young female workers did not have a histogyitds. However, in the Western
world, especially male workers had a tradition of guildeliknions and sometimes they were
against firms that tried to control producti#hThis seems to be a reason why multidimensional
incentives are not offered to blue-collar workers in the ¥ies they are in Japan.

This difference could also be a part of explanation of why \Western manufacturing is
generally competitive in the production for the low-endloe high-end market, but not for the
middle-range market. Production of generic or luxury goddss not require or suit multidi-
mensional incentives. Instead, implicit incentives likeaganteed positions and career consid-
erations would be suitable to the production of luxury goo@s the other hand, consumers
of middle-range products can be recognized across stamddrgrms, hence multidimensional
incentives work well for production of middle-range ditéatiated products.

Appendix: proofs of the propositions

Proposition 1.
Proof.
0a' I3, T
or;
Since the rank otxa™ is 1, the solutionI’; of ¥/ I''aa™ + aa™ I X = 0 is unique
only if each row ofI; contains only one nonzero entry. Sucl"a minimizesa™ I'; ;T

=Y IMad + o' T} 3]

28Jiirgens, Malsch and Dohse (2003), pp. 215-280. Wheel®8[18p. 71-75. Weinstein and Kochan (1995),
pp. 12-15. Adler, Kochan, MacDuffie, Pil and Rubinstein (Z%p. 68-69. Sloane and Witney (2004), pp.
280-282. For an overview on the industrial relations in Jegféer World War Il, see Nakamura and Nitta (1995).

2%Kochan and Katz (2000), pp. 17-48.

30Clark (1984).
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only if each row of¥'; contains only one nonzero entry. Since each dimensien isfpositive,
itmeansY'; must be diagonal,e., each dimension af; must be independent to each othell

Proposition 2.

Proof. (a) By (7), if 0 < 0? < 400, and if0 < ¢? < +o0, then0 < ~;; < 1, so that information
both about the performance observed in the firnand the price observed in the markets
utilized to determine the wage.

(b) For the observed performance in the fiartt), aso? — +o0, v;; — 0, where information
only about the pricey; is utilized. Aso? — 0, v;; — 1, where information only about the
performance in the firmy; is utilized. For the price vectags(t), the proof is analogous. [

Proposition 3.
Proof. (a) By (10),

v — [(03 + 63 + r0565Cas) By — o565 BoCha)
| =

ol ot '
(0’% + §22) [1 + TJQ T §2 011:| —+ 7"0'§§22022 —+ 7“20'%§22 02 T §2 (011022 — 0122)
1 1 1 1

SinceC(t) is strictly convex(Cy,Cy — C%, > 0) andoici/ (o5 + <) is strictly increasing in
o? and in¢?, o, decreases if? and/orc? increases.
(b) By (10),

8@1 an _ 8(0(1/042) /8(0[1/0[2) §f
80‘1 8§1 80‘1 8§1 01
and

8041 8041 . a(@l/OQ)/a(al/oQ) _ gg’
0y o5

80'2 8§2 N 80'2 o3
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Table 1 Wage in the Kasahara Fusakichi Factory, Suwa County, Nagano Prefecture.
year Number Distribution
of  average maximumminimum median variance kurtosis skewness
samples

sen per sen per sen per sen per
workday workday workday workday

1897 138 18.067 32.042 7413 17997 29.547  0.003  0.362
1901 163  20.898 44.098 0.638 21999 61410 0377 -0.034
1904 191 22521 53.983 6.667 23.104 74.095 0.389  0.367
1905 199 20.040 46.415 3.625 20.652 60918 0.088  0.268
1906 150 23.196 49.549 1.735 23994 92.764 -0.341  0.034
1907 228 23.191 52.140 0.736  22.852 92.683 0499 0.254
1908 251 22931 59.780 1.774 24.001 99.890 0.178  0.309
1909 351 22.682 58.235 1.264 22999 112.989 -0.229  0.405
1910 351 26.083 60.229 1.364 25.000 130.243 -0.258  0.247
1911 343 23450 66.998 0.000 22998 146.768 -0.001  0.405
1912 88 23779 47.996 2478 25494 130.575 -1.062 -0.023
1913 83 23.209 60.000 3.080 20.000 159.526  0.011  0.794
Source : Fusakichi Kasahara, "Seishi keisan bo" (Book for evaluation of silk
reeling). Kasaharagumishiryo (Documents of Kasahara goroup).

Notes: "Wage" does not contain supplemental payment, which amounts to 5-10%
of wage. 1 sen (0.01 yen) was approximately 0.5 cent of U.S. dollar. The number
of samples is small in 1906, 1912, and 1913, because some books have been lost
for those years. However, there is not any bias in distribution of performance
depending on each book, so that this loss does not affect the rsult of estimation.
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Table 2 Wage and observed performance

w: Wage. a =(a, a,, a3, a,): incentive vector. x = (x|, X,, X 3, X 4): signal of effort

vector ¢ in the firm, where x ;: Labor productivity . x ,: Material productivity .

X 3. Evenness of threads . x ,: Luster of threads . [: transfer of surplus.

W= 00X +0X0+03X3+ 04X+ p.

year o o, 03 04 S standard R’ p value
error for F

1897 0.777  0.209 — - 0.000 0.031 0.681 0.000
p value for ¢ 0.000  0.000 (0.000)

1901 0.867  0.191 - - 0.000 0.038 0.766  0.000
p value for ¢ 0.000  0.000 (0.000)

1904 0.838 0.190 0.042 0.093 0.000 0.038 0.809 0.000
p value for ¢ 0.000  0.000 0.209 0.005 (0.000)

1905 0.836  0.099 0.116 0.144 0.000 0.031 0.841  0.000
p value for ¢ 0.000  0.001  0.000 0.000 (0.000)

1906 0.799  0.150 0.052 0.164 0.000 0.044 0.803 0.000
p value for ¢ 0.000  0.000 0.173  0.000 (0.000)

1907 0.848 0.019 0.010 0.155 0.000 0.047 0.762  0.000
p value for ¢ 0.000 0.637 0.788 0.000 (0.208)

1908 0.794  0.143 0.114 -0.022 0.000 0.048 0.777  0.000
p value for ¢ 0.000 0.000 0.001 0.492 (0.000)

1909 0.860 0.073 0.173 0.016 0.000 0.037 0.883  0.000
p value for ¢ 0.000  0.001  0.000 0.436 (0.000)

1910 0.826  0.191 0.088 -0.046 0.000 0.049 0.821  0.000
p value for ¢ 0.000  0.000 0.001 0.075 (0.000)

1911 0.826 0.192 0.084 0.035 0.000 0.047 0.850 0.000
p value for ¢ 0.000  0.000 0.000 0.129 (0.000)

1912 0.754 0.176 -0.007 0.033 0.000 0.058 0.762  0.000
p value for ¢ 0.000 0.006 0912 0.619 (0.002)

1913 0.780  0.202 0.030 0.079 0.000 0.051 0.846  0.000
p value for ¢ 0.000 0.000 0.572 0.160 (0.000)

Source : Fusakichi Kasahara, "Seishi keisan bo."
Notes : Coeffecients are the results of a standadized linear regression so that the
transfer f is normalized as 0. The p value for ¢ of § is from an

unstandardized regression. The number of samples is the same as on Table 1.
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Table 3-a Optimization of effort vector ¢ (Labor

productivity-Material productivity plane)

x 12 Labor productivity . x ,: Material productivity .

Xo=m/x1+1,

year N n, standard R 2 p value
error for F’

1897 -0.116  0.000 0.404 0.013 0.177
p value for ¢ 0.177  (0.000)

1901 0.035 0.000 0467 0.001 0.661
p value for ¢ 0.661 (0.000)

1904 -0.212  0.000 0446 0.045 0.003
p value for ¢ 0.003  (0.000)

1905 -0.299  0.000 0403 0.089 0.000
p value for ¢ 0.000 (0.000)

1906 -0.539  0.000 0.365 0.290 0.000
p value for ¢ 0.000 (0.000)

1907 -0.713  0.000 0.700  0.509  0.000
p value for ¢ 0.000 (0.000)

1908 -0471  0.000 0.261 0.221  0.000
p value for ¢ 0.000 (0.000)

1909 -0468 0.000 0.257 0.219 0.000
p value for ¢ 0.000 (0.000)

1910 -0.386  0.000 0.224 0.149 0.000
p value for ¢ 0.000 (0.000)

1911 -0.359 0.000 0.270 0.129  0.000
p value for ¢ 0.000 (0.000)

1912 -0.563  0.000 0.249 0.317 0.000
p value for ¢ 0.000 (0.000)

1913 -0.338 0.000 0400 0.114 0.002
p value for ¢ 0.002 (0.000)

Source : Fusakichi Kasahara, "Seishi keisan bo."
Notes : Coefficients are the results of standardized linear

regression while the p value for ¢ of 7, is from an

unstandardized regression. The number of samples is
the same as on Table 1.
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Table 3-b Optimization of effort vector ¢ (Labor
productivity-Evenness of threads plane)

x 12 Labor productivity . x 5: Evenness of threads .

X3=11/x+1,.

Year 7 n, standard R : p value
error for F

1904 -0.156  0.000  0.000 0.024 0.032
p value for ¢ 0.032 (0.000)

1905 -0.383  0.000 0.000 0.147  0.000
p value for ¢ 0.000 (0.000)

1906 -0.270 ~ 0.000 0.000 0.073  0.001
p value for ¢ 0.001 (0.000)

1907 -0.589  0.000 0.000 0.347 0.000
p value for ¢ 0.000 (0.000)

1908 -0.150  0.000  0.000 0.023 0.017
p value for ¢ 0.017 (0.000)

1909 -0.216 ~ 0.000  0.000 0.047  0.000
p value for ¢ 0.000 (0.000)

1910 -0.266  0.000  0.000 0.071  0.000
p value for ¢ 0.000 (0.000)

1911 -0.132  0.000 0.000 0.017 0.015
p value for ¢ 0.015 (0.000)

1912 -0.094  0.000 0.000 0.009 0.384
p value for ¢ 0.384 (0.014)

1913 -0.071  0.000 0.000 0.005 0.523
p value for ¢ 0.523 (0.207)

Source : Fusakichi Kasahara, "Seishi keisan bo."
Notes : Coefficients are the results of standardized linear

regression while the p value for ¢ of 7, is from an

unstandardized regression. The number of samples is the
same as on Table 1.
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Table 3-¢ Optimization of effort vector ¢ (Labor
productivity-Luster of threads plane)

x 12 Labor productivity . x ,: Luster of threads .

Xg=m/x,+1,.

year 7 n, standard R : p value
error for F

1904 -0.003  0.000 0.012 0.000 0.970
p value for ¢ 0.970 (0.103)

1905 0.017 0.000 0.015 0.000 0.816
p value for ¢ 0.816 (0.000)

1906 0.035 0.000 0.008 0.001 0.675
p value for ¢ 0.675 (0.027)

1907 0.027 0.000 0.011 0.001 0.682
p value for ¢ 0.682 (0.267)

1908 -0.154  0.000 0.014 0.024 0.015
p value for ¢ 0.015 (0.174)

1909 -0.106  0.000 0.014 0.011 0.047
p value for ¢ 0.047 (0.001)

1910 -0.339  0.000 0.012 0.115 0.000
p value for ¢ 0.000 (0.000)

1911 -0.214  0.000 0.014 0.046  0.000
p value for ¢ 0.000 (0.852)

1912 -0.431  0.000 0.013 0.186 0.000
p value for ¢ 0.000 (0.029)

1913 -0.492  0.000 0.010 0.242  0.000
p value for ¢ 0.000 (0.000)

Source : Fusakichi Kasahara, "Seishi keisan bo."
Notes : Coefficients are the results of standardized linear

regression while the p value for ¢ of 7, is from an

unstandardized regression. The number of sumples is the
same as on Table 1.
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Figure 1: Gaussian kernel regressibaljor productivityMaterial productivity: Kasahara Fac-

tory, 1904.
Source “Seishi keisan bo”.
Notes Material productivity produced raw silk per 4hou(7,216 liters) of cocoon.Labor

productivity mommé€3.75 gramsy of raw silk per workday.
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Figure 2: Optimization of effort vectot (Labor productivityLuster of threads Kasahara
Factory, 1910.

Source “Seishi keisan bo”.
Notes Luster of threads points of Luster per Inomme(3.75 grams) of raw silk.Labor

productivity momme®f raw silk per workday.
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