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APPENDIX A
A-1. Glossary of Variables Used in Section 4
ll)R P P
o (Direct) Task displacement, = }_,_; w! - =% - (—dIns;"*"), where —d Ins;""" is the

observed percent decline of the labor share in industry i or the automation-driven
component thereof. '
. (Ijndustry shifters, = >, ; @} - dIns}, where s/ denotes the value added share of in-
ustry i.
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e Exposure of routine jobs to industry shock, =}

e Exposure to change in markups, = ), ; @} - Percent change in markups,.
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e Exposure of routine jobs to change in markups, = >_ - Percent change in
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markups;.
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e Exposure to change in concentration .= Yoier @ e Change in concentration,.
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e Exposure of routine jobs to change in concentration, = } . ; @,

concentration,.

A-2. Proofs of the Results in the Main Text

We first provide conditions for the single-sector and multi-sector economies to produce
finite output. Let H(yy, ..., y;) denote the production function for the final good, taking
sectoral outputs as its inputs. Define the derived aggregate production function of the
economy, depending on the total amount of capital used in production, k, and the vector
of labor supplies, £ as

F(k,8)=maxH(y,...,yr) (A-1)
1 A1 =
subject to: y; = <—/ (M- y(x)) * -dx) VieZ,
M Jr
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Y(E)= A i (x) k(x) + ) Ag - ro(x) - Le(x) VxeT,

g€g

Zg=/€g(x)-dx Vgeg,
k=/T(k(x)/q(x))-dx.

PROPOSITION A-1—Finite output: The economy produces finite output if and only if the
following Inada condition holds:

lim Fi(k, €) < 1. (A-2)

Moreover, in any equilibrium with positive and finite consumption, we have s¥ € [0, 1), and
in any equilibrium with infinite output, we have s* = 1.

PROOF: A competitive equilibrium maximizes the strictly concave function c(k) =
F(k, £) — k. When the Inada condition (A-2) holds, the function c(k) reaches a unique
maximum at some k* > 0. Since ¢(k*) = (1 — s*)F(k*, £), we also have sX € [0, 1).

Because F is concave, lim, ., Fi(k, £) exists. Suppose now that the Inada condition
(A-2) fails, so that limy_, , Fx(k, £) > 1. Then, c(k) is an increasing function on R,, and
thus has no well-defined maximizer and the economy reaches infinite output. Since in this
case limy_., Fx(k, £) > 1 and F exhibits constant returns to scale, Fy(k, £) is a decreasing
function that converges to some limit m > 1 as kK — oo. Therefore,

F .
K _ [ ek, &) k>m-lim

— lim 20K =m-lim —— =1
S = P M S A B = A

where we used 'Hopital’s rule in the third step. This implies that sX =1 as wanted.
We also note that in the single-sector case, the Inada condition (A-2) is equivalent to
A}7'T < 1, as noted in the text. Q.E.D.

PROOF OF PROPOSITION 1: We first show that an equilibrium exists and is unique. The
equilibrium of this economy solves the following optimization problem:

y— /T (k(x)/q(x)) - dx

max

{k(x),€1(x)5er b (X }reT

1 AL =

subject to: y = (— / (M- y(x)) * -dx) ,
M Jr

Y(E) = A i (x) k(x) + ) Ag - ro(x)  Le(x) VxeT,

geg
Engﬁg(x)~dx Vgeg.
T

This is related to (A-1), except that it is for the single-sector case and maximizes over
the production of capital inputs as well. The objective function is concave, while the con-
straint set is convex. Hence, this optimization problem either reaches a unique maximal
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value (though it might have non-unique maximizers) or has no solution (meaning that it
reaches infinite output). Proposition A-1 rules out the latter case under (A-2), which we
have imposed. Hence, we focus on the former case. Let w, be the Lagrange multiplier
associated with the constraint for labor of type g. Then the solution can be expressed by
the following allocation of tasks to factors:

: 1
Toc e Yo for all }
g—{x A 0, ~ Ag g (0) Ge(x) - q(x) A 8
1 W,
: , forall g\,
ﬁg{x ¢1k(x)~q(x)-Ak§Ag-¢g(x) or a g}

The tie-breaking rule described in footnote 7 then selects a unique equilibrium allocation.
This argument shows that, when the maximization problem is bounded, there is a unique
equilibrium, where the task allocation is as described in the main text. In what follows, we
characterize the equilibrium as a function of this unique task allocation.

The demand for task x is

Y =0y ()™, (A3)

where p(x) is this task’s price. Given the allocation of tasks {7y, 71, ..., T}, this price is

1
if Tes
p(x) = Ay 'u‘g(x)‘lﬂk(x) nres (A-4)
( |

This implies that the demand for capital and labor at the task level is given by

1 —

k) 2y (A a0 i) ifxe T,
1o ifx ¢ 75,
1 N
le(x) = M'y'(Ag‘¢g(x)) 1~w; ifxeT,,

0 if x ¢ 7,.

To derive equation (2), we integrate over the demand for labor across tasks in the pre-
vious expression and rearrange to obtain

1 _
Eg:/ M'y'(Ag"pg(x))/\ l-w;)‘-dx
Tg

1
T 1 B
= wy= (%) CA - <M i Py (x)*! dx) .
g 8

Equation (1) follows by noting that, by definition, gross output yis y = [_y(x) p(x) dx.
Substituting for y(x) from equation (A-3), we obtain the ideal price condition:

1= % /Tp(x)l‘A dx. (A-5)
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Substituting for the equilibrium task prices from equation (A-4) yields

=45 [ (q(x)-m(x))A1dx)+2<%)lﬁ‘<$ /T () d ).

8€g

Next substituting for w, from equation (2), we rewrite this equation in terms of task
shares:

1-A

1 X
g ()"
4 8

geg

Rearranging and using the fact that A}7'T; < 1 establishes (1).
Finally, we can compute factor shares as

1
vl p(x)dx
sk = — T =ANT.
y
Because of constant returns to scale, we have s =1 — sX. O.E.D.

PROOF OF PROPOSITION 2: We now characterize the effects of a small change in tech-
nology. As in the text, we use D, C 7, to denote the set of tasks that used to be performed
by group g and, after the technological change, will switch to capital.

To characterize the effects of technology on wages, we first log-differentiate equation

2):
1 A—1 1
dlnw, = Xdlny + lenAg + XdlnI‘g.
The definitions of dIn I‘geep and dInT" in the main text, together with Assumption 1,
imply
dinl'y=(A—1)dIn Fgeep —dInTy",

which yields the expression for wage changes in (6) in the text.
Let us next define changes in TFP as

dintfp=dlny —s*-dInk|,,

where k = ka k(x)/q(x)dx denotes the total capital stock and dIn k|, denotes changes
in the capital stock coming from capital quantities and not prices. For a small change in
technology, this can be computed as

1 1
s€.dnk|, = —dk:/ sK(x)dlnk(x)dx+—Zf (k™ (x)/q"" (x)) dx,
y T ygeg Dy

where the £"V(x) and ¢"*"(x) denote capital usage and prices in the newly-automated
tasks.



TASKS, AUTOMATION, AND RISE IN U.S. WAGE INEQUALITY) 5

We now show that changes in TFP also satisfy the dual representation:

dIntfp = Zsé ~dInw, — / s8(x)dIng(x)dx, (A-6)
Tk

geg

where 5% (x) denotes the share of capital k(x) in gross output and s denotes the share of
labor of type g in gross output.

Equation (A-6) follows from the fact that we have competitive markets and constant
returns to scale. In particular, Euler’s theorem implies y =} _; w, ¢, + ka k(x)/q(x)dx.
For any small change in technology, we therefore have

dlny= Zsé-dlnwg—f—/

geg Tk

s¥(x)dInk(x)dx — / s®(x)dIng(x) dx

Tk

+ = Z / (k™ (x)/q"" (x)) dx

geg

We can rearrange this as

diny — ( / sK(x)dInk(x)dx + - Z / k“ew(x)/q“ew(x))dx>

geg

=Y sk-dnw, - / s¥(x) dIng(x) dx,

geg

which is equivalent to (A-6).
We now return to the contributions of different types of technologies to TFP. For this,
we use the ideal price index condition in equation (A-5), which we can rewrite as

1=A21-($/ (q(x) - i (x))" dx)—i—Z(wg) 7 '(%v/;}iﬁg()(:))\] dx).

geg

Log-differentiating this equation following a change in technology and capital prices, we
obtain

Zs ~dlnw, — /K(x)dlnq(x)dx

geg
Ko (dIn Ag +dInTE) + ) sk (dIn Ay + dInTEP) + A, (A7)

geg

where

1
A= ﬁ[sK ~dInTe = sk dlnr;“w]

8€g
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represents the reallocation of tasks from labor to capital. Using the definitions of m,(x)
and 7, in the main text, A can be rewritten as

A=Yl [ (q(x)-wk(x))“ldx—(%)lA-% [ o]

g€g 8 g
1-A
w
— A 8 . A—1 d
gEZgM |G aw ey = () as
&)
g A—1
-y () () dx
geQM
w,\' 1
8 A—1
= —£ A= x) dx)-ﬂ'.
2(5) G per o) =
Next, using the fact that s, = "’g)' Y ng e (x) " dx), we get
i glfg(x)A Ydx
A:Zsé — -wgzzuvg-dlnl“;““’-rr
geg — Yo (x) " dx geg
- fT o)

Substituting this expression for A into equation (A-7) and using the dual representation
of TFP in equation (A-6), we obtain (8).

Equation (7) can be obtained from (8) by using the fact that dIny = dIntfp+sX - dInk.
Moreover, k = s¥ - y, which implies dInk = dIns* + dIny. Combining this expression
with the equation for d In y, we obtain

—(dIntfp + dIns*).

1 1
dlny:1 ~(dIntfp+s* - dIns*) and dlnk:1
—s

To derive the factor share changes, note that
dlns = (A—1) - (dIn A, + dInT}) + dIn T3,

which follows from the fact that s = A,ﬁ‘l -T'x.. We can rewrite this expression as

1
dins® =(A—1)-(dIn A, +dInT*") + — - <(A— -A+) st -dlnr;“t°>
N
8eg

=(A—1)-(dIn A +dInT}*P) + le Y stedInl (14 (A—1) - m,),
8€g

which yields equation (9), completing the proof. Q.E.D.
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PROOF OF PROPOSITION 3: The equilibrium of the multi-sector economy is a solution
to the following optimization problem:

max  HOeon) = [ (G0/9(0) - ds

{h(x),1 ()58 (O }xeT; ieT

A

1 A=l =
subject to: y;, = (M/ (M-y(x))AA -dx) Viel,
T

YO = A hi(x) k() + ) Ay h(x) - £e(x) VxeT,

geg
Eg:/Zg(x)-dx Vgeg.
T

As in the proof of Proposition 1, this is a concave problem, and under the conditions of
Proposition A-1, it has a solution and reaches a unique maximal value. As before, let w,
be the Lagrange multiplier for the constraint for labor of type g. The allocation of tasks
to factors is unique (under our tie-breaking rule from footnote 7) and given by:

w Wy 1
T S{x: . < £ , for all /},
: {x A @) = A 9@ () q() A E
1 w
Tei S X < £ for all }
" { 1) 40 Au = Ag gy 0 E

As in the proof of Proposition 1, the demand for task x in sector i is

YO = oy s () - p) - (Aip)

M;
the price of task x is
! if x € Ty,
p(x) = Al )
7Ag e if x €Ty,

and the demand for capital and labor at task x is

q(x) o

k(x) Mi y-si(p) - (Aip) - (A - q(x) - (!fk(x))/Fl if x € T,
0 if x ¢ Ty,

1 - .
t,(x)={m " sY(B) - (Aip)™™" (Ag - ()" wt ifxeT,,
0 i x ¢ 7;.

Following the same steps as in the proof of Proposition 1, we have

by = Z/ Mi -y-5, (p) - (Aip)* - (A, - ‘r/’g(x))kl ‘wgt - dx

iex Y Tgi !
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x A=l 1 3
= w= (1) A (e (e [ x|

8 ieT

which establishes equation (10).
To derive the industry price index in equation (11), we observe that

1
B 11 o\
pi-yi—/ﬂp(x)-y(X)dx = pi—Ai(Mi/Tl_p(x) dx) .

Equation (12) then follows by substituting for the equilibrium task prices to obtain

= [ p(x)de)]lA
(e (5 [ - )

A A 1 A— =
+Zw; ~Agl-(ﬁi/7%i¢g(x) 1dx)) .

geg

Because industry shares must add up to 1, equation (12) holds, completing the proof.
Although not included in the proposition, factor shares can be computed as

st = ZSZY(P) (Aip)*" Ty and

i€

st=1—A4"Y s (p)- (Aip)* ! Th.
¢ XI: ( ¢ QE.D.

PROOF OF PROPOSITION 4: We first provide a proof for the existence and the proper-
ties of the propagation matrix @.
Define the matrix

19InT(w, {, V)
A dlnw '

We now establish several properties of this matrix. First, because JI';/dw, > 0, all of its
off-diagonal entries are negative. This implies that 3, is a Z-matrix.
Second, 2 has a positive dominant diagonal. This follows from the fact that
19Inl,
- — >
AdInw,

S=1

Egg:l

2

and

1 dlnl
Siee — Sl=1— - £>1
w2 R =12 3 5n
g'#8 &

Jinl'yg
g dlnw,
by the same amount, workers lose tasks to capital but do not experience task reallocation
among them.

This last inequality follows because ) < 0, which is true since when all wages rise
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Third, all eigenvalues of X have a real part that exceeds 1. This follows from the Gersh-
gorin circle theorem, which states that for each eigenvalue € of 3, we can find a dimension
g such that |le — 2| <Y ., |2 | This inequality implies

g'#g

N(e) € |:2gg - Z 2], Zge + Z |2gg’|i|-

§'#8 §'#8

Because X, — |2¢e| > 1 for all g, as shown above, all eigenvalues of X have a real
part that is greater tflan 1.

Fourth, since X has negative off-diagonal elements and all of its eigenvalues have a
positive real part, we can conclude that it is an M-matrix. Because 3 is an M-matrix,
its inverse O exists and has positive and real entries, 6,, > 0, as desired. Moreover, each
eigenvalue of ® has a real part that is positive and less than 1. Finally, the row and column
sums of O are also less than 1. In particular, let us denote by ¢, the sum of the elements
of row g of O. Then,

O-(1,1,...,1),=(6,,05,...,0,) =3-(6,,0;,....05) =(1,1,...,1).
This equality requires that
See 0+ Sep -0, =1. (A-8)
g'#g

Now, suppose without loss of generality that 6] > 6, > --- > 6, > 0 (all rows must have
strictly positive sums, since 6,, = 0 for all g’ would imply that @ is singular, contradicting
the fact that all its eigenavlues have real parts in (0, 1)). Equation (A-8) for g =1 gives

n 0+ S0 =1,

g#1

and thus

1 ﬁlnrl (91HF1 (91111_‘1

1- =1 A - 6.
( Adinw ) 1= + i b =143 Zdlnwg

Because ), jﬁfil/ <0, we can rewrite this inequality as

4

1 dlnT’;
0 <1+ — <07 <1
XL T, N

An identical argument establishes that column sums of ® are between 0 and 1.

We next derive the formulas characterizing the effects of technology on wages, industry
prices, and TFP. First, define wg = w,/ A, as the wage per efficiency unit of labor of g
workers. Equation (10) then implies

1

uf—( Y )Ar(wgqf)i
s~ \U4,¢,) EET)
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Log-differentiating this equation with respect to an automation technology, we obtain

. 1 1 R | 1dInT,
dlnw; = Xdlny — Xdlnrg 4 X;wgi -dIn¢; + X 7nw ~dlnw.
Stacking these equations for all groups, we have
Z wy;-dIng;
dInw; dlny = dInT{
dInw? _l diny +l szg-dln@ _l dlnl“g““’
_/\ Y €T A t
dInwg dln dInT%"
¢ Y Z wgi-dIng; ¢
ieT
dInw;
1dInT [ dinw®
Adlnw e ’
dInwg;
which yields
Z wq; dIn gi
dInw; diny = dInT{
dinw' | 1 [dmy| 1 | D exdin&| 1 fgprie
=6 +-0-| = -0 :
“ee A “ee /\ o A e .
dInw¢ dlIn dInT%"
¢ ’ Y e -ding ‘
ieT
and thus
&g 1 1 disp
dlnw, = leny-i- X(@g-dln{— X@)g-dlnl“ ,
where
Jlns) (p)
dIn¢, =;wgi-dln§i =;wg,»- (W -dlnp+(A—1) -dlnpi).
Turning to industry prices, note that these are given by equation (12). By definition, the
equilibrium task allocation {7y;, 71, . - ., Tg:} solves the cost-minimization problem:
1 o)
_ : A1 1-A A—1
pi=_ mn = <Ak Thi + Z wy AT ng)

8€g

The envelope theorem then implies that

dinp;=> sk dlnw, — A,

8€g
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where

1
-1 -1 auto 1- -1 auto
A= (A;p)* 1 [Az AT — E w, - Ay dTy :|

8€g

is cost savings from the reallocation of tasks from labor to capital and industry i, and is
thus a generalization of the term A in the proof of Proposition 2.
Average cost savings from automating tasks in the set D,; in industry i are now

1

— A= () d
i, O e d

ﬂ-gi_

1 / Al
— X dx
M; Dy Vs (¥)

b

where

) = ] (m A ]

Using these definitions, and following the same steps as in the proof of Proposition 2, we
can write A; as

1-2

- w 1 -

A= (A4,p)* 1Z<A_g> . (M Py (x)* 1dx> - g
geg 8 t J Dgi

Again as in the proof of Proposition 2, we use s%; = (A4, p;)*! (ﬁ—i‘;)l‘A . (Mii f71 e (x)* 1 dx)
to get

1
i o ()" dx
A=Y sk ol cmg=Y sk-dInT%° . o,
geg — | () dx 8eg
M; J;, "¢

which yields the desired formula for d In p; in the proposition.
To derive a formula for TFP, first note that given a price vector p, we can define the cost
of producing the final good as ¢ (p). Moreover, Shephard’s lemma implies that

ac"(p) pi
ap; c_h—si (p).

Our choice of numeraire, which implies that the final good has a price of 1, then implies
that 1 = ¢"(p). Log-differentiating this expression yields

0=> s'(p)-dlnp,

ieT

=Y s’ (p)- (Z S (dInw, —dInTy - wgi)>

ieT geg
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= Zsbfwllnwg — ZS,Y(P)ZS; Mg

geg ieT g€g

Rearranging this expression, and using the dual representation of TFP (which in this case
is given by dIntfp=3_ . sy - dInw,) yields the formula for the contribution of automa-
tion to TFP in the proposition.

For aggregate output, we again have dIny = dIntfp + s* - dIn k (from the primal defi-
nition of TFP) and dInk = dIns* + dIny (from k = s¥ - y). Combining these equations,

we obtain

~(dIntfp + dIns*).

1 1
dlny:1 (dIntfp+s* - dIns*) and dlnk:1

Finally, the change in the capital share is given by
K
s

1
dins* = ———dIns" =——> st - (dInw, —dIny).
N

§ geg QO.E.D.

A-3. Measuring Task Displacement

This section derives our measures of task displacement. To derive the adjustments we
perform in our empirical work, we also allow for markups and differences in the user cost
of capital across industries. In the presence of these generalizations, the labor share of
industry i can be written as

2 Tarwy ™
L 1 8

§;=—" , (A-9)
i Z ng . w;_)\ + Fki . R}_/\

8

where u; and R; are, respectively, the markup and user cost of capital in industry i.

We assume that tasks can be partitioned into routine tasks R; and non-routine tasks
N, whose union equals 7;. Moreover, let R,; and N,; denote the (disjoint) sets of routine
and non-routine tasks allocated to workers of type g.

Assumption 2 implies that only routine tasks can be automated, that is, D,; C R,;, and
also that routine tasks in a given industry will be automated at the same rate for all work-
ers. Therefore,

/ () dx
Dyi =9,>0 forallg.
()" dx

Rygi

Before continuing with our derivations, we introduce some notation that we will use in
the rest of the appendix. Define by ¥ the share of wages in some cell X earned within
another sub-cell Y. For example, define o}, as the share of wages earned by members of
group g in industry i as a fraction of their total wage income:

o = siy(p) : (Aipi)/\_l Ly
) ZS}/(P) (Arpi)* Ty

i'eT
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Define % as the share of wages earned by members of group g in industry i in routine
jobs as a fraction of the total wage income earned by workers of group g in industry i:

o (x)* " dx
R _ Regi

()M dx‘

Tgi

And define wX as the share of wages earned by workers in industry i in routine jobs as a
fraction of the total wage income earned by workers in industry i:

S w [ ey dx

R __ 89 Rgi
L= .
1-A A-1
ng Po(x)' " dx
g€g Tgi

Average cost savings from automation in industry i are

Rg

w;
m = E —r T
ok

geg i

where ! is the share of wages in industry i paid to g workers in routine jobs, and w? is
the share of wages in industry i paid to workers in routine jobs.

The next proposition characterizes the change in the labor share in response to automa-
tion.

PROPOSITION A-2—Task displacement and industry labor shares: Suppose that As-
sumption 2 holds and routine tasks in industry i are automated at the rate ¥,. The result-
ing change in the labor share of industry i holding wages, markups, and other technologies
constant is given by

dlins/™=—(14+A=1)-sF-m) of - 9.
This implies that the task displacement due to automation for group g in industry i is

dln T — w_g, ) —dll’lsiLvauto .
6 T R TL(A—1)-stm

PROOF: The denominator in equation (A-9) is also equal to

(Aip) = AT T+ ) wy,™ Ty,

8eg

The effect of automation on s> (holding prices and other technologies constant) is

dlnsf,auto — _ij’?g 19;+ (1 _ /\) 'le . wag 'ﬁi e

8€g 8€g
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where the first term captures the effect of automation on the numerator of (A-9) and the
second term the effect on the denominator of (A-9). Using the definition of ;, this can
be written as

dins/ ™ =—(1+A-1)-s--m) of 9.

Turning to the second part of the proposition, by definition we have

o () dx o (x)" ' dx o (x)* " dx
dInTae = =2¢ = el = w9,
[wer-ar [ werar [ oeras
Tgi Tgi Rgi
o} —dIns™
T T+ (A1) st QE.D.

We now provide the details for our measurement of the (percent) decline in the labor
share of industry i driven by automation, d Ins"*"°. Differentiating (A-9), we have

l

-I-dln,u,- +8i. (A—lO)

—dInsf = —dIns;™ —s& - [(1— o) -dInw; — (1 — o) - dInR,]

Here, dIn pu; is the (percent) increase in industry i markups and ¢; is a residual term that
captures the role of other technologies (factor-augmenting and productivity-deepening
technologies on the labor share). The term s - [(1 — ¢F) - dlnw; — (1 — ¢¥) - dInR}]
adjusts for the effect of changing factor prices on the labor share. In particular, dInw; =
> eeo o} - dInw, denotes the average wage increase experienced by industry i, and the

elasticities o~ and o give the effect of changing factor prices on the labor share. In a
world with a single labor aggregate, we would have o = of = 0;, where o; is the elasticity
of substitution between capital and this labor aggregate. However, with multiple types
of workers, o varies depending on whether groups experiencing a wage increase are
more or less substitutable for capital at marginal tasks. Finally, &; denotes the influence of
other technologies on the labor share. Appendix B-4 provides a full derivation of equation
(A-10) and shows that the contribution of ¢; to changes in the labor share between 1987
and 2016 has been small.

Our two measures of task displacement are based on different ways of estimating
—dIns>™*. In both cases, we approximate the discrete changes between 1987 and 2016
with our theory-based differential changes.

e Our first measure of task displacement, exploiting the observed changes in industry
labor shares, is based on setting A =1, dIlnu; =0, &; =0, and using Assumption 1 to
rule out ripple effects. Under these assumptions, o = o = 1, and equation (A-10)
implies

—dIns™ = —dInst.

e Our second measure of task displacement, exploiting the automation-driven com-
ponent of changes in industry labor share, proceeds as follows. We again set A =1,
dInp; =0, &; = 0 and use Assumption 1 to rule out ripple effects, so that o = o* =
1. However, instead of using the full observed change in industry labor shares, we
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use its component that is (linearly) predicted by our three proxies for automation
technologies:

—dIns;™ =E[-dIns|Z/],

where Z; denotes the vector of the three measures of automation technologies for
industry i. This strategy also works when there are markup differences and other
influences on labor shares, and in this case, relies on the formal identifying assump-
tion: Z; Ll u;, &;, meaning that these differences are orthogonal to our instruments
(as noted in the text).

In Section 5 and Table A.IV in this supplement, we generalize these measures and
allow for o/ = ¢ = 0; =0.8 and o/ = 0X = 0; = 1.2. In this case, our first measure
is computed simply as

—dIns/™ = —dIns* +55. (1 - 0;) - (dInw; — dInR)).

Similarly, for our second measure, we compute —d Insi"*"* = E[—dIns* 4 s - (1 —
0:) - (dInw; — dInR;)|Z;] as the predicted component of a linear regression of the
adjusted decline in the labor share across industries on our proxies of automation.
This is again valid when there are markup differences and other influences on labor
shares under the assumption that Z; 1L u,, ;.

In Table 6, we allow for the effects of changes in markups. In this case, we continue
to set A =1 and abstract from ripple effects, but now adjust for the estimated change
in markups. Equation (A-10) now gives

—dIns"™° = —dIns’ — dInp,
for our first measure and
—dIns{™° =E[—dIns/ — dIn ;| Z;]

for our second measure. This is again valid when there are other influences on labor
shares under the assumption that Z; 1l &;.

A-4. Additional Tables

This appendix includes additional tables discussed in the main text:

Table A.I: Determinants of industry-level labor share changes, 1987-2016.

Table A.II: Summary statistics for demographic groups.

Table A.III: Task displacement versus SBTC, 1980-2016—controlling for changes in
relative supply.

Table A.IV: Task displacement based on adjusted labor share declines and changes
in real hourly wages—measures of task displacement based on adjusted labor share
decline.

Table A.V: Task displacement and changes in real hourly wages, 1980-2016—
alternative measures of jobs that can be automated.

Table A.VI: Task displacement and changes in real hourly wages, 1980-2016—
controlling for differential effects on low-paying jobs.

Table A.VII: Task displacement and changes in real hourly wages for men, women,
and native-born workers, 1980-2016.
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e Table A.VIIIL: Task displacement and changes in real hourly wages, stacked-
differences models for 1980-2000 and 2000-2016.

e Table A.IX: Task displacement and changes in real hourly wages, 1980-2016—
alternative labor share measures.

e Table A.X: GMM estimates of the propagation matrix.

o Table A.XI: Robustness checks for estimates of the general equilibrium effects.
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TABLE A.IV

TASK DISPLACEMENT BASED ON ADJUSTED LABOR SHARE DECLINES AND CHANGES IN REAL HOURLY
WAGES—MEASURES OF TASK DISPLACEMENT BASED ON ADJUSTED LABOR SHARE DECLINE.

Dependent Variables:
Change in Wages and Wage Declines, 1980-2016
Task Displacement Measured From Observed Task Displacement Measured From
Labor Share declines Automation-Driven Labor Share Declines
(1) @ 3) ) 5) ©) ™ ®)
Panel A. Task displacement for A =1 and o; =0.8
Task displacement —1.35 —1.02 -1.19 —2.05 —1.45 —1.13 —1.24 —2.70
(0.12) (0.15) (0.17) (0.38) (0.11) (0.17) (0.20) (0.47)
Share variance explained by 0.57 0.43 0.51 0.87 0.60 0.47 0.51 1.11
task displacement
R-squared 0.57 0.65 0.84 0.84 0.60 0.63 0.83 0.84
Observations 500 500 500 500 500 500 500 500
PANEL B. TASK DISPLACEMENT FOR A =1 AND 0; =1.2
Task displacement -1.73 —1.53 —1.26 -0.73 -1.83 -1.71 -1.37 —0.99
(0.09) (0.15) (0.17) (0.54) (0.10) (0.22) (0.21) (0.58)
Share variance explained by 0.71 0.63 0.52 0.30 0.67 0.63 0.50 0.36
task displacement
R-squared 0.71 0.73 0.83 0.83 0.67 0.67 0.82 0.82
Observations 500 500 500 500 500 500 500 500
PANEL C. TASK DISPLACEMENT FOR A = (.5 AND o; = 0.8
Task displacement -1.22 —0.92 -1.07 —-1.86 —1.30 —-1.02 —1.11 —2.40
(0.10) (0.14) (0.16) (0.35) (0.10) (0.15) (0.18) (0.42)
Share variance explained by 0.58 0.44 0.51 0.88 0.60 0.47 0.51 1.10
task displacement
R-squared 0.58 0.65 0.84 0.84 0.60 0.63 0.83 0.84
Observations 500 500 500 500 500 500 500 500
PANEL D. TASK DISPLACEMENT FOR A = 0.5 AND 0; =1
Task displacement —1.44 —1.19 -1.17 —1.47 —1.48 —1.27 -1.21 —1.64
(0.08) (0.14) (0.17) (0.40) (0.09) (0.18) (0.19) (0.43)
Share variance explained by 0.67 0.56 0.55 0.69 0.64 0.55 0.53 0.71
task displacement
R-squared 0.67 0.70 0.84 0.84 0.64 0.66 0.83 0.83
Observations 500 500 500 500 500 500 500 500
PANEL E. TASK DISPLACEMENT FOR A = (0.5 AND o; = 1.2
Task displacement —1.54 —1.36 -1.12 —0.63 —1.64 -1.53 -1.23 —0.87
(0.08) (0.14) (0.16) (0.49) (0.09) (0.20) (0.19) (0.52)
Share variance explained by 0.71 0.63 0.52 0.29 0.67 0.63 0.50 0.36
task displacement
R-squared 0.71 0.73 0.83 0.83 0.67 0.67 0.82 0.82
Observations 500 500 500 500 500 500 500 500
Covariates:
Industry shifters v ' v ' v v
Manufacturing share, gender v v v v
and education dummies
Exposure to labor share v v

declines and relative
specialization in routine jobs

Note: This table presents estimates of the relationship between task displacement and the change in hourly wages across demo-
graphic groups, defined by gender, education, age, race, and native/immigrant status. The dependent variable is the change in hourly
wages for each group between 1980 and 2016. We measure task displacement using the general formula in equation (17). Our baseline
measure sets A = o; = 1. The panels in this table use different combinations of A and o; to measure the adjusted labor share decline.
Columns 1-4 report results for our measure of task displacement based on observed (and adjusted) labor share declines. Columns 5-8
report results for our measure of task displacement based on automation-driven labor share declines. In addition to the covariates
reported in the table, columns 3-4 and 7-8 control for baseline wage shares in manufacturing and dummies for education (for no
high-school degree, completed high school, some college, college degree and post-graduate degree) and gender, and columns 4 and
8 control for groups’ exposure to industry labor share declines and groups’ relative specialization in routine jobs. All regressions are
weighted by total hours worked by each group in 1980. Standard errors robust to heteroskedasticity are reported in parentheses.
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TASK DISPLACEMENT AND CHANGES IN REAL HOURLY WAGES, 1980-2016—ALTERNATIVE MEASURES OF JOBS

THAT CAN BE AUTOMATED.

Dependent Variables:
Change in Wages and Wage Declines, 1980-2016

Task Displacement Measured From Observed

Labor Share declines

Task Displacement Measured From
Automation-Driven Labor Share Declines

(1) @ 3) @) ®) ©) ™ ®)
PANEL A. Top 40
Task displacement -1.39 -1.02 -1.10 —2.50 —1.48 —1.04 -1.15 —2.70
(0.15) (0.16) (0.19) (0.53) (0.15) (0.19) (0.22) (0.54)
Share variance explained by 0.52 0.38 0.41 0.93 0.51 0.36 0.39 0.92
task displacement
R-squared 0.52 0.64 0.82 0.84 0.51 0.60 0.81 0.83
Observations 500 500 500 500 500 500 500 500
PANEL B. ALTERNATIVE DEFINITIONS
Task displacement —1.88 —1.67 —1.67 -1.79 —1.99 —1.98 —1.87 —1.54
(0.08) (0.15) (0.20) (0.47) (0.09) (0.20) (0.24) (0.51)
Share variance explained by 0.76 0.67 0.67 0.72 0.75 0.74 0.70 0.58
task displacement
R-squared 0.76 0.77 0.85 0.85 0.75 0.75 0.84 0.84
Observations 500 500 500 500 500 500 500 500
PANEL C. OCCUPATIONS SUITABLE TO AUTOMATION VIA ROBOTS
Task displacement -1.18 —1.16 —0.85 —0.66 —1.26 -1.30 —0.89 —1.41
(0.08) (0.11) (0.16) (0.29) (0.09) (0.15) (0.18) (0.34)
Share variance explained by 0.69 0.68 0.49 0.38 0.65 0.67 0.46 0.72
task displacement
R-squared 0.69 0.69 0.81 0.82 0.65 0.65 0.80 0.82
Observations 500 500 500 500 500 500 500 500
PANEL D. OCCUPATIONS SUITABLE TO AUTOMATION VIA SOFTWARE
Task displacement —1.76 -1.71 —1.46 —1.55 —1.89 —1.96 —1.50 —2.86
(0.13) (0.15) (0.22) (0.51) (0.16) (0.21) (0.25) (0.63)
Share variance explained by 0.68 0.66 0.56 0.59 0.64 0.67 0.51 0.97
task displacement
R-squared 0.68 0.68 0.81 0.82 0.64 0.64 0.81 0.82
Observations 500 500 500 500 500 500 500 500
PANEL E. OCCUPATIONS SUITABLE TO AUTOMATION
VIA ROBOTS OR SOFTWARE
Task displacement —1.46 —1.42 —-1.03 —0.87 —-1.50 -1.50 —1.02 —1.38
(0.09) (0.12) (0.17) (0.32) (0.11) (0.15) (0.20) (0.38)
Share variance explained by 0.71 0.69 0.50 0.42 0.66 0.66 0.45 0.61
task displacement
R-squared 0.71 0.71 0.81 0.82 0.66 0.66 0.80 0.81
Observations 500 500 500 500 500 500 500 500
Covariates:
Industry shifters v v v v v v
Manufacturing share, gender v v v v
and education dummies
Exposure to labor share v v

declines and relative
specialization in routine jobs

Note: This table presents estimates of the relationship between task displacement and the change in hourly wages across demo-
graphic groups, defined by gender, education, age, race, and native/immigrant status. The dependent variable is the change in hourly
wages for each group between 1980 and 2016. In Panel A, we define routine occupations as the top 40% in the routine index distri-
bution (as opposed to the top 30%). In Panel B, we use an alternative construction of the routine index described in Appendix B-3.
In Panel C, we use a measure of occupational suitability to automation via robots from Webb (2020). In Panel D, we use a measure
of occupational suitability to automation via software from Webb (2020). In Panel E, we combine these two indices in a single one.
Columns 1-4 report results for our measure of task displacement based on observed labor share declines. Columns 5-8 report results
for our measure of task displacement based on automation-driven labor share declines. In addition to the covariates reported in the
table, columns 3-4 and 7-8 control for baseline wage shares in manufacturing and dummies for education (for no high-school degree,
completed high school, some college, college degree and post-graduate degree) and gender, and columns 4 and 8 control for groups’
exposure to industry labor share declines and groups’ relative specialization in routine jobs. All regressions are weighted by total hours
worked by each group in 1980. Standard errors robust to heteroskedasticity are reported in parentheses.
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TABLE A.VI

DIFFERENTIAL EFFECTS ON LOW-PAYING JOBS.

Dependent Variables:
Change in Hourly Wages, 1980-2016
M @ 3) @
PANEL A. TASK DISPLACEMENT BASED ON LABOR SHARE DECLINES
Task displacement -1.78 —1.74 -1.51 —1.89
(0.09) (0.17) (0.20) (0.47)
Relative specialization in 0.03 0.03 —-0.03 —0.12
low-pay jobs
(0.03) (0.03) (0.03) (0.05)
Effect mediated through 0.16 0.13 0.43 0.87
low-pay jobs
(0.17) (0.19) (0.17) (0.25)
Industry shifters 0.02 0.06 0.22
(0.09) (0.14) (0.15)
Exposure to industry labor —0.95
share decline
(0.62)
Relative specialization in 0.08
routine jobs
(0.08)
Share variance explained by 0.74 0.73 0.63 0.79
task displacement
R-squared 0.76 0.76 0.85 0.86
Observations 500 500 500 500
PANEL B. TASK DISPLACEMENT BASED ON AUTOMATION-DRIVEN LABOR SHARE
DECLINES
Task displacement -1.79 —1.88 —1.45 —1.69
(0.10) (0.20) (0.20) (0.58)
Relative specialization in 0.05 0.05 —0.01 —0.08
low-pay jobs
(0.04) (0.04) (0.03) (0.05)
Effect mediated through —0.04 —0.04 0.31 0.75
low-pay jobs
(0.29) (0.29) (0.26) (0.34)
Industry shifters —0.05 —0.05 0.12
(0.11) (0.14) (0.16)
Exposure to industry labor —1.96
share decline
(0.74)
Relative specialization in 0.05
routine jobs
(0.10)
Share variance explained by 0.70 0.73 0.56 0.66
task displacement
R-squared 0.71 0.71 0.84 0.84
Observations 500 500 500 500
Other covariates:
Manufacturing share, v v

education and gender
dummies

Note: This table presents estimates of the relationship between task displacement and the change in hourly wages across 500
demographic groups, defined by gender, education, age, race, and native/immigrant status. The dependent variable is the change in
hourly wages for each group between 1980 and 2016. Panel A reports results for our measure of task displacement based on observed
labor share declines. Panel B reports results for our measure of task displacement based on automation-driven labor share declines.
In addition to the covariates reported in the table, columns 3 and 4 control for baseline wage shares in manufacturing and dummies
for education (for no high-school degree, completed high school, some college, college degree and post-graduate degree) and gender.
All specifications control for groups’ relative specialization in low-pay jobs (defined as occupations in the bottom tercile of the overall
wage distribution in 1980) and differential effects of industry labor share declines (observed or automation-driven) on workers in
low-pay jobs. All regressions are weighted by total hours worked by each group in 1980. Standard errors robust to heteroskedasticity

are reported in parentheses.
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TABLE A.VIII

TASK DISPLACEMENT AND CHANGES IN REAL HOURLY WAGES, STACKED-DIFFERENCES MODELS FOR
1980-2000 AND 2000-2016.

Dependent Variable
Change in Hourly Wages 1980-2000, 2000-2016
) @ ©) “4)
PANEL A. COMMON COEFFICIENTS ACROSS PERIODS

Task displacement -1.31 —1.04 —0.94 —0.61
(0.10) (0.13) (0.20) (0.35)

Industry shifters 0.25 —0.44 —0.44
(0.06) (0.11) (0.13)

Exposure to industry labor share 0.19

decline

(0.40)

Exposure to routine occupations —0.06
(0.04)

Share variance explained by
—task displacement 0.46 0.36 0.33 0.21
—task displacement in 80s
—task displacement in 00s

R-squared 0.42 0.46 0.56 0.57
Observations 1000 1000 1000 1000
PANEL B. ALLOW COVARIATES TO HAVE PERIOD-SPECIFIC
COEFFICIENTS
Task displacement —-1.31 —-1.21 —1.27 —1.42
(0.10) (0.13) (0.14) (0.27)

Share variance explained by
—task displacement 0.46 0.42 0.44 0.50
—task displacement in 80s
—task displacement in 00s

R-squared 0.42 0.58 0.74 0.74
Observations 1000 1000 1000 1000
PANEL C. PERIOD-SPECIFIC ESTIMATES OF TASK DISPLACEMENT
Task displacement 80-00 —2.08 —1.33 —1.36 -2.11
(0.28) (0.25) (0.25) (0.73)
Task displacement 00-16 —-1.10 —1.16 -1.22 —1.08
(0.11) (0.14) (0.17) (0.39)
Share variance explained by
—task displacement 0.45 0.42 0.44 0.45
—task displacement in 80s 0.42 0.27 0.27 0.42
—task displacement in 00s 0.49 0.52 0.55 0.48
R-squared 0.46 0.58 0.74 0.74
Observations 1000 1000 1000 1000
Covariates:
Industry shifters v v v
Manufacturing share, gender and v v
education dummies
Exposure to labor share declines v
and relative specialization in
routine jobs

Note: This table presents estimates of the relationship between task displacement and the change in hourly wages across 500
demographic groups using a stacked-differences specification for 1980-2000 and 2000-2016. The table uses our measure of task
displacement based on observed labor share declines. These groups are defined by gender, education, age, race, and native/immigrant
status. The dependent variable is the change in hourly wages for 1980-2000 and 2000-2016. Panel A provides estimates assuming
common coefficients across periods. Panel B allows covariates to have period-specific coefficients. Panel C provides period-specific
estimates of task displacement. In addition to the covariates reported in the table, column 2 controls for industry shifters, column 3
controls for groups’ baseline wage share in manufacturing at the beginning of each period and for education and gender dummies,
and column 4 controls for relative specialization in routine jobs and groups’ exposure to industry labor share declines. Observations
are weighted by total hours worked by each group at the beginning of each period. Standard errors robust to heteroskedasticity are
reported in parentheses.
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TABLE A.IX

TASK DISPLACEMENT AND CHANGES IN REAL HOURLY WAGES, 1980-2016—ALTERNATIVE LABOR SHARE
MEASURES.

Dependent Variable: Change in Hourly Wages 1980-2016

(M) @) ) @)
PANEL A. EXCLUDING COMMODITIES

Task displacement —1.67 —-1.32 -1.39 -2.14
(0.12) (0.17) (0.20) (0.46)

Share variance explained by task 0.63 0.50 0.52 0.80

displacement

R-squared 0.63 0.67 0.83 0.84

Observations 500 500 500 500

PANEL B. WINSORIZED LABOR SHARE CHANGES

Task displacement -1.59 -1.31 —1.34 -1.89
(0.10) (0.16) (0.20) (0.44)

Share variance explained by task 0.66 0.54 0.56 0.78

displacement

R-squared 0.66 0.69 0.84 0.84

Observations 500 500 500 500
PANEL C. EXCLUDING INDUSTRIES WITH RISING LABOR SHARES

Task displacement —1.49 —-1.25 —-1.32 —1.96
(0.09) (0.16) (0.20) (0.42)

Share variance explained by task 0.66 0.55 0.58 0.86

displacement

R-squared 0.66 0.68 0.84 0.84

Observations 500 500 500 500

PANEL D. GROSS LABOR SHARE CHANGES

Task displacement -1.39 —-1.11 —0.91 -1.19
(0.08) (0.11) (0.13) (0.31)

Share variance explained by task 0.66 0.53 0.43 0.57

displacement

R-squared 0.66 0.74 0.83 0.83

Observations 500 500 500 500

Covariates:

Industry shifters v v v

Manufacturing share, gender v v

and education dummies

Exposure to labor share declines v

and relative specialization in
routine jobs

Note: This table presents estimates of the relationship between task displacement and the change in hourly wages across 500
demographic groups using different measures of the labor share decline. These groups are defined by gender, education, age, race,
and native/immigrant status. The dependent variable is the change in hourly wages between 1980 and 2016. The table uses our measure
of task displacement based on observed labor share declines. In Panel A, we exclude sectors producing commodities. In Panel B, we
winsorized the observed labor share changes at the 5th and 95th percentiles when constructing the task displacement measure. In
Panel C, we exclude industries with rising labor shares. In Panel D, we use the percent decline in the labor share of gross output to
construct our measure, which also accounts for substitution of labor for intermediates. In addition to the covariates reported in the
table, column 2 controls for industry shifters, column 3 controls for each group’s baseline wage share in manufacturing and dummies
for education level and gender, and column 4 controls for relative specialization in routine jobs and groups’ exposure to industry labor
share declines. All regressions are weighted by total hours worked by each group in 1980. Standard errors robust to heteroskedasticity
are reported in parentheses.
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TABLE A.X

GMM ESTIMATES OF THE PROPAGATION MATRIX.

Dependent Variable: Change in Wages 1980-2016

Task Displacement Measured
From Observed Labor Share From Automation-Driven
Declines Labor Share Declines

Task Displacement Measured

M @ (©) 4) ®) (6)

Own effect, 6/

Contribution of ripple effects via
occupational similarity

Contribution of ripple effects via
industry similarity

Contribution of ripple effects via
education—-age groups

Own effect, 6/

Contribution of ripple effects via
occupational similarity

Contribution of ripple effects via
industry similarity

Contribution of ripple effects via
education—age groups

Own effect, 6/

Contribution of ripple effects via
occupational similarity

Contribution of ripple effects via
industry similarity

Contribution of ripple effects via
education—age groups
Own effect, 6/

Contribution of ripple effects via
occupational similarity

PANEL A. BASELINE ESTIMATES COMPUTING THE ADJUSTED LABOR
SHARE DECLINE WITH o; = 1

0.88 0.87 0.81 0.88 0.95 0.88
(0.05) (0.05) (0.05) (0.05) (0.06) (0.06)
0.65 0.63 0.50 0.74 0.88 0.74
(0.17) (0.18) (0.18) (0.20) (0.20) (0.21)
0.24 0.24 0.55 0.44 0.45 0.74
(0.19) (0.19) (0.21) (0.22) (0.22) (0.24)
0.19 0.19 0.19 0.19 0.19 0.18

(0.02) (0.02) (0.02) (0.03) (0.03) (0.03)
PANEL B. ESTIMATES COMPUTING THE ADJUSTED LABOR SHARE
DECLINE WITH o; = 0.8

0.68 0.67 0.62 0.74 0.77 0.72
(0.04) (0.04) (0.04) (0.04) (0.05) (0.05)
0.51 0.48 0.43 0.50 0.55 0.51
(0.08) (0.08) (0.08) (0.09) (0.09) (0.09)
0.08 0.08 0.22 0.22 0.23 0.32
(0.10) (0.10) (0.10) (0.11) (0.10) (0.11)
0.20 0.20 0.19 0.18 0.17 0.17
(0.02) (0.02) (0.02) (0.02) (0.02) (0.02)

PANEL C. ESTIMATES COMPUTING THE ADJUSTED LABOR SHARE
DECLINE WITH o; = 1.2

1.05 1.04 0.95 1.04 1.18 1.08
(0.06) (0.06) (0.06) (0.06) (0.07) (0.08)
0.20 0.18 0.13 0.32 0.40 0.34
(0.10) (0.11) (0.11) (0.12) (0.12) (0.12)
0.39 0.39 0.59 0.50 0.57 0.75
(0.12) (0.12) (0.13) (0.14) (0.14) (0.15)
0.15 0.15 0.14 0.16 0.15 0.14
(0.03) (0.03) (0.03) (0.03) (0.03) (0.03)
PANEL D. SETTING k = 1 IN THE SIGMOID FUNCTION
0.88 0.87 0.81 0.88 0.95 0.88
(0.05) (0.05) (0.05) (0.05) (0.06) (0.06)
0.65 0.63 0.50 0.74 0.88 0.74
(0.17) (0.18) (0.18) (0.20) (0.20) (0.21)

(Continues)
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TABLE A.X

Continued.

Dependent Variable: Change in Wages 1980-2016

Task Displacement Measured Task Displacement Measured
From Observed Labor Share From Automation-Driven
Declines Labor Share Declines

M ) ©) Q) ®) (6)
Contribution of ripple effects via 0.24 0.24 0.55 0.44 0.45 0.74
industry similarity

(0.19) (0.19) (0.21) (0.22) (0.22) (0.24)

Contribution of ripple effects via 0.19 0.19 0.19 0.19 0.19 0.18

education—age groups
(0.02) (0.02) (0.02) (0.03) (0.03) (0.03)
PANEL E. SETTING « = 5 IN THE SIGMOID FUNCTION

Own effect, 6/A 0.91 0.90 0.85 0.92 1.00 0.95
(0.05) (0.05) (0.05) (0.05) (0.06) (0.06)
Contribution of ripple effects via 0.25 0.24 0.23 0.31 0.34 0.33

occupational similarity

(0.05) (0.05) (0.05) (0.05) (0.006) (0.006)
Contribution of ripple effects via 0.18 0.18 0.24 0.26 0.29 0.33
industry similarity

(0.06) (0.06) (0.06) (0.07) (0.07) (0.07)
Contribution of ripple effects via 0.16 0.16 0.15 0.15 0.14 0.13
education—age groups

(0.02) (0.02) (0.02) (0.03) (0.03) (0.03)

Covariates:
Industry shifters v v v v
Manufacturing share v v

Note: This table presents estimates of the propagation matrix. Ripple effects are parameterized as functions of the similarity
of groups in terms of their 1980 occupational distribution, industry distribution, and educationxage groups. The table reports our
estimates of the common diagonal term 6 and a summary measure of the strength of ripple effects operating through each of these
dimensions, defined by

1
Contributionofrippleeffects,, = BTn . (T Z Z f(dgg,) ~sé‘ ~s§/),
s g /#

which equals the average sum of the off-diagonal terms of the propagation matrix explained by each dimension of similarity. Estimates
and standard errors are obtained via GMM. Columns 1-3 provide GMM estimates using our measure of task displacement based on
observed labor share declines. Columns 4-6 provide GMM estimates using our measure of task displacement based on automation-
driven labor share declines. The panels report results for different measures of the adjusted labor share decline and using different
values of « in the sigmoid function. All models are weighted by total hours worked by each group in 1980.
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