Internet Appendix for “Cost of Experimentation and the Evolution
of Venture Capital”

1.  Matching between Entrepreneurs and Investors
No COMMITMENT

Using backward induction we start with the second period and first consider the case
when the investor chooses not to commit. Conditional on a given «; the investor will
invest in the second period as long as

Via;Elpa | j]— (1 —X) >0 whereje {S,F}

This condition does not hold after failure even if ap = 1, therefore the investor will only
invest after success in the first period. The minimum fraction the investor is willing to
accept for an investment of 1 — X in the second period after success in the first period is

o 1-X
=2 VsElp2 | ST

The entrepreneur, on the other hand, will continue with the business in the second
period as long as,

Vi(l —a;)Elp2 | jl + up > urp where j € {S,F}.

The entrepreneur will want to continue if the expected value from continuing is greater
than the utility after failure, because the utility after failure is the outside option of the
entrepreneur if she does not continue. The maximum fraction the entrepreneur will give
up in the second period after success in the first period is

up —ug

agg=1—-—— F
25 VsE[ps | S]

Given both the minimum fraction the investor will accept, aag, as well as the maximum
fraction the entrepreneur will give up, asg, an agreement may not be reached. An investor
and entrepreneur are able to reach an agreement in the second period as long as

1> a9 <agg >0 Agreement Conditions, ond

period

The middle inequality requirement is that there are gains from trade. However, those
gains must also occur in a region that is feasible, i.e. the investor requires less than 100%
ownership to be willing to invest, 1 > aag, and the entrepreneur requires less than 100%
ownership to be willing to continue, apg > 0.1

We could find the maximum fraction the entrepreneur would be willing to give up after
failure (agr), however, we already determined that the investor would require a share

1If not, the entrepreneur, for example, might be willing to give up 110% of the final payoff and the investor
might be willing to invest to get this payoff, but it is clearly not economically feasible. For the same reason, even
when there are gains from trade in the reasonable range, the resulting negotiation must yield a fraction such that
0 < agj < 1 otherwise it is bounded by 0 or 1.
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(agr) greater than 100% to invest in the second period, which is not economically viable.
So no deal will be done after failure. If an agreement cannot be reached even after success
then clearly the deal will never be funded. However, even those projects for which an
agreement could be reached after success may not be funded in the first period if the
probability of success in the first period is too low. The following proposition determines
the conditions for a potential agreement to be reached to fund the project in the first
period. Given that the investor can forecast the second period dilution these conditions
can be written in terms of the final fraction of the business the investor or entrepreneur
needs to own in the successful state in order to be willing to start.

PROPOSITION 1: The minimum total fraction the investor must receive is

o _pl(l—X)+X
s p1VsElp2 | 5]

and the mazimum total fraction the entrepreneur is willing to give up is

(I+p1)(uo —ug) + (1 —p1)(uo — ur)
p1VsE[p2 | S]

where the N subscript represents the fact that no agreement will be reached after failure.

agy =1—

See appendix .IV for proof. We use the N subscript because in the next section we
consider the situation when investor chooses to commit to invest in the second period.
This will result in an agreement to continue even after first period failure (A subscript for
Agreement rather than N for No-agreement). Then we will compare the deals funded in
each case. Given the second period fractions found above, the minimum and maximum
total fractions imply minimum and maximum first period fractions (found in the appendix
for the interested reader).

COMMITMENT

In this subsection we examine the alternative choice by an investor to commit with an
assumed cost of early shutdown of c.

The following proposition solves for the minimum fraction the committed investor will
accept in the second period and the maximum fraction the entrepreneur will give up in
the second period. These will be used to determine if a deal can be reached.

PROPOSITION 2: The minimum fraction the committed investor is willing to accept for
an investment of 1 — X in the second period after success in the first period is
1-X
A28 = o
—  VsElp2 | S]

Howewver, after failure in the first period the minimum fraction the committed investor is
willing to accept is

1-X-—c¢ o
8] = — .
2E T VeEp, | Fll—a1) 1-o
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The mazximum fraction the entrepreneur will give up in the second period after success
in the first period is

After failure in the first period the maximum fraction the entrepreneur is willing to give
up 18
Up —Ug
VrE[p2 | FJ(1 —a1)

OZQF::[

The proof is in appendix .ITI. Both the investor and the entrepreneur must keep a large
enough fraction in the second period to be willing to do a deal rather than choose their
outside option. These fractions of course depend on whether or not the first period exper-
iment worked.

After success in the first period the agreement conditions are always met. However, after
failure in the first period the agreement conditions may or may not be met depending on
the parameters of the investment, the investor and the entrepreneur.

LEMMA 1: An agreement can be reached in the second period after failure in the first iff
the investor is committed.

PROOF:
A second period deal after failure can be reached if asr — agp > 0.

_ Up — UE _ 1-X—c¢ !
VFE[pg | F](l —al) VFE[pQ ’ F](l —Oél) 1 —Oél'

ogF —agp =1

oor — agp is positive iff VpE[ps | F] —up +ug — 1 — X 4+ ¢ > 0. However, since the
utility of the entrepreneur cannot be transferred to the investor, it must also be the case
that VpE[p2 | F]— (1 — X)+¢ > 0. But if VpE[p2 | F] — (1 — X) + ¢ > 0 then
VrE[p2 | F] —up +ug — (1 — X) + ¢ > 0 because up —ug < 0. QED

This lemma makes it clear that only a ‘committed’ investor will continue to fund the
company after failure because VpE[ps | F] — (1 — X) < 0.

We have now solved for both the minimum second period fraction the committed in-
vestor will accept, ag;, as well as the maximum second period fraction the entrepreneur
will give up, azj, and the conditions under which a second period deal will be done. If
either party yields more than these fractions, then they would be better off accepting their
outside, low-risk, opportunity rather than continuing the project in the second period.

Stepping back to the first period, a committed investor will invest and an entrepreneur
will start the project with a committed investor only if they expect to end up with a large
enough fraction after both first and second period negotiations.

PROPOSITION 3: The minimum total fraction the investor is willing to accept is

1-— (1 —pl)VFOzFE[pQ | F]
p1VsE[p2 | S] ’

XS4 =

and the mazximum fraction the entrepreneur is willing to give up is

_ 2A’LU1 — (1 —pl)E[pg | F]Vp(l — OLF)
p1VsE[ps | 5]

ag, =1
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where the subscript A signifies that an agreement will be reached after first period failure.

And where L x A
— — C ur
ap=v | |t (1= [1 = —
! ”[VFE[pQrFJ ( ”[ VFE[mF]]

The proof is in .IV, however, these are the relatively intuitive outcomes in each situation
because each player must expect to make in the good state an amount that at least equals
their expected cost plus their expected loss in the bad state.

Given the minimum and maximum fractions, we know the project will be started if

1>ag <ag, >0 Agreement Conditions, 1% period,

either with our without a second period agreement after failure (i € [A, N]).

We have now calculated the minimum and maximum required by investors and entre-
preneurs. With these fractions we can determine the types of projects for which investors
will choose to commit.

II.  Commitment or the Guillotine

A deal can be done to begin the project if ag, < @i, if the investor commits. Alter-
natively, a deal can be done to begin the project if aig, < @g,, assuming the project will
be shut down after early failure. That is, a deal can get done if the lowest fraction the
investor will accept, ag, is less than the highest fraction the entrepreneur with give up,
ag,. Therefore, given the decision by the investor to commit, a project can be started if
ag, —ag, >0, ie., if

pVsE[p2 | S]+ (1 —p1)VrElp2 | F] = 2(uo —ug) —1 >0, (A-1)
or if g, — agy >0, ie., if
p1VSE[p2 ’ S] — Q(UO — UE) + (1 — pl)AuF — pl(l — X) - X Z 0. (A—Q)

If we assume that the investor who generates the most surplus wins the deal then an
investor will commit if ag, — ag, > @g, — ag,. Therefore, the following proposition
demonstrates the three possibilities for any given project.

The proof is left to Appendix .VI. Proposition 1 demonstrates the potential for a
tradeoff between failure tolerance and the funding of a new venture. There is both a
benefit of a sharp guillotine as well as a cost. Entrepreneurs do not like to be terminated
‘early’ and thus would rather receive and investment from a committed investor. This
failure tolerance encourages innovative effort (as in ???), but a committed investor gives
up the valuable real option to terminate the project early. Thus, the committed investor
must receive a larger fraction of the pie if successful. While the entrepreneur would like a
committed investor the commitment comes at a price. For some projects and entrepreneurs
that price is so high that they would rather not do the deal. For others they would rather
do the deal, but just not with a committed investor.

Essentially the utility of the entrepreneur can be enhanced by moving some of the
payout in the success state to the early failure state. This is accomplished by giving a
more failure tolerant VC a larger initial fraction in exchange for the commitment to fund
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the project in the bad state. If the entrepreneur is willing to pay enough in the good state
to the investor to make that trade worth it to the investor then the deal can be done.
However, there are deals for which this is true and deals for which this is not true. If the
committed investor requires too much in order to be failure tolerant in the bad state, then
the deal may be done by a VC with a sharp guillotine.

III.  Proof of Proposition 2

Conditional on a given «; the investor will invest in the second period as long as
Via;Elpa | j] — (1 — X) > —c¢  where j € {S, F}

As noted above, c, is the cost faced by the investor when he stops funding a project and
it dies. Thus, the minimum fraction the investor will accept in the second period is

o (1—2x2)—c R
T ViEpy [0 —a1) T-ar

Thus, an investor will not invest in the second period unless the project is NPV positive
accounting for the cost of shutdown. This suggests that an investor who already owned a
fraction of the business, o, from the first period would be willing to take a lower minimum
fraction in the second period than a new investor, and potentially accept even a negative
fraction. However, there is a fraction 7 such that the investor is better off letting an outside
investor invest (as long as an outside investor is willing to invest) rather that accept a
smaller fraction. If V;E[ps | j] > (1—X) (which is true for j = S) then an outside investor
would invest for a fraction greater than or equal to W;;S]. The fraction n that makes

the investor indifferent between investing or not is the 7 such that

a1(1=n)VsE[p2 | S]) = (n+ai(1 —n))VsElp2 | S] - (1 - X)

The left hand side is what the first period investor expects if a new investor purchases n
in the second period. While the right hand side is the amount the first period investor
expects if he purchases n in the second period. The 7 that makes this equality hold is
n = Vle_i[;;m Note that n does not depend on ¢ because the project continues either
way. Thus, after success, an old investor is better off letting a new investor invest than
accepting a fraction less than 1/5}2_7[;;5]'2 Thus, the correct minimum fraction that the
investor will accept for an investment of 1 — X in the second period after success in the
first period is

e — 1-X

= VsElp2 [ S
However, after failure in the first period then VpE[ps | F] < 1 — X and no new investor
will invest. Potentially an old (committed) investor would still invest (to avoid paying c)

2This assumes perfect capital markets that would allow a ‘switching’ of investors if entrepreneurs tried to extract
too much. No results depend on this assumption but it makes the math easier and more intuitive, and we don’t
want to drive any results off of financial market frictions.
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and the minimum fraction he would accept is

1-X—c¢ o
Qo = — .
2E T VeEp, | Fll—a1) 1-o

The entrepreneur, on the other hand, will continue with the business in the second
period as long as,

Vi(l —aj)Elp2 | j] +up > ur where j € {S, F}.

Since a; = agj + a1(1 — agj), for a given aq the maximum fraction the entrepreneur will
give to the investor in the second period is

B Up — UgR
ViE[p2 | j](1 — o)

Similarly to the investor, after success in the first period, there is a point at which the
entrepreneur who already owns a fraction 1 — «y should quit and let the investors hire
a new manager rather than take a smaller fraction. Thus, there is a n that makes the
entrepreneur indifferent between staying and leaving;:

ag; =1 Vje{S F}.

(I —a)nVsElp2 | S]+ur = ((1—=n)+ (1 —a1)n)VsElp2 | S] +ug

Thus, the correct maximum fraction the entrepreneur will give up in the second period
after success in the first period is?

However, after failure in the first period the maximum that the entrepreneur is willing to
give up to keep the business alive is

B Up — Up
VrE[ps | F](1 — )

a2F=1

The entrepreneur cannot credibly threaten to leave after failure unless he must give up
more than @z, as his departure will just cause the business to be shut down.

IV.  Proof of Propositions 1 and 3

Bargaining will result in a fraction in the second period of ag; = yag; + (1 — v)ow;.
For example, if the entrepreneur has all the bargaining power, v = 1, then the investor
must accept his minimum fraction, ap; = ap;, while if the investor has all the bargaining
power, v = 0, then the entrepreneur must give up the maximum, ag; = az;. While if each
has some bargaining power then they share the surplus created by the opportunity.

Given this, we can substitute into a; = ag;+ (1 —ag;) and solve for the final fractions
the investor and entrepreneur will obtain depending on success or failure at the first stage.

3This requires the assumption of perfect labor markets that would allow a ‘switching’ of CEOs among entre-
preneurial firms if investors tried to extract too much. No results depend on this assumption but it makes the math
easier and more intuitive, and we don’t want to drive any results off of labor market frictions.
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Substituting we find «; = yag; + (1 — y)ag; + a1 (1 — (yag; + (1 — y)az;)). This can be
rewritten as a; = [yag; + (1 —v)az;](1 —aq) + 1. Substituting in for ag; and agz; we find
that - -

X oy TR 1 et a ]
s = [’YVSE[pz | S] +d=7) [1 VsEp: | S]” (1 1)+ a1 (A-3)
and ap reduces to
| e X e gy e ]
ap =7 [VFE[m | FJ +(1-) [1 VrE[p2 | F]] (A-4)

Of course, in both cases negotiations must result in a fraction between zero and one.*

Note that ar does not depend on the negotiations in the first period because after failure,
renegotiation determines the final fractions.® Of course, investors and entrepreneurs will
account for this in the first period when they decide whether or not to participate.> We
solve for the first period fractions in appendix .V but these are not necessary for the proof.

The solution ap is only correct assuming a deal can be reached between the investor
and the entrepreneur in the second period (otherwise the company is shut down after
early failure). Interesting outcomes will emerge both when an agreement can and cannot
be reached as this will affect both the price of, and the willingness to begin, a project.

Stepping back to the first period, an investor will invest as long as

pVsasElpa | S]— (1 - X)] - X
+ (1 —=p)[VrarE[p: | F] - (1-X)] >0 (A-5)

if the 2nd period agreement conditions are met after failure. Or,
pilVsasBlps | S] = (1 - X)] = X — (1 - p)e > 0 (A-6)

if they are not.
The entrepreneur will choose to innovate and start the project if

p1[Vs(1 - as)Elpa | 5]+ up] + up
+ (1= p)[Ve(1 — ap)Elpz | F]+ug] > 2uo (A7)

if the 2nd period agreement conditions are met after failure. Or,
p1[Vs(1 —as)Elps | S|+ ug] +ug + (1 — p1)ur > 2uo (A-8)

if they are not.
The four above equations can be used to solve for the minimum fractions needed by

4Since negotiations must result in a fraction between zero and one, then if a deal can be done then if v <
(up—ug)/(Y(14+r)—c—VpE[p2 | Fl4+up—ug) thenap = 1,orif vy < —(up—ug)/(Y(14+r)—VsE[p2 | S|+ur—ug)
then ag = 1. Since ¢ < 1 — X the negotiations will never result in a fraction less than zero.

5In actual venture capital deals so called ‘down rounds’ that occur after poor outcomes often result in a complete
rearrangement of ownership fractions between the first round, second round and entrepreneur.

6 Alternatively we could assume that investors and entrepreneurs predetermine a split for for every first stage
outcome. This would require complete contracts and verifiable states so seems less realistic but would not change
the intuition or implications of our results.
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the investor and entrepreneur both when a deal after failure can be reached and when
it cannot. If the agreement conditions in the 2nd period after failure are met, then the
minimum fraction the investor is willing to receive in the successful state and still choose
to invest in the project is found by solving equation (A-5) for the minimum «g such that
the inequality holds:

as, = 1— (1 —pl)VFOéFE[pQ ‘ F]

— p1VsE[ps | S]

where the subscript A signifies that an agreement can be reached after first period failure.
The maximum fraction the entrepreneur can give up in the successful state and still be
willing to choose the entrepreneurial project is found by solving equation (A-7) for the
maximum «g such that the inequality holds:

2(up —ug) — (L =p1)Elp2 | FIVp(1 — ar)
p1VsE[p2 | S]

ag, =1—

where ar is defined in equation (A-4) in both &g, and ag,. Both @g, and ag, depend
on the negotiations in the failed state, a, because the minimum share the players need
to receive in the the good state to make them willing to choose the project depends on
how badly they do in the bad state. If a second period agreement after failure cannot
be reached then the minimum fraction of the investor and the maximum fraction of the
entrepreneur are found by solving equations (A-6) and (A-8) respectively, to find

e _p-X) X
—%  piVsE[p2 | S]
and
a5 —1-— (1 +p1)(uo —up) + (1 —p1)(uo — ur)
N p1VsElps | S]

where the N subscript represents the fact that no agreement can be reached after failure.

V. Derivation of first period fractions

The maximum and minimum required shares after first period success, ag; and ag;,

directly imply first period minimum an maximum fractions, a7, and o, (i € [A,N]),
because we already know from above, equation (A-3), that

1-X U —Ug

= "Verm 1 T gy ) e e

as
Thus, we can solve for the a; that just gives the investor his minimum «ag. Let Z equal
the term in brackets in the equation above and we can solve for a; as a function of ag.

as — 74
1-7

a1 = (A—9)
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Plugging in ag, for ag yields the minimum required investor fraction o ,:

1=(1=p)VrarElp:|F] _ -
p1VsE[p2]S]

1-Z

Xip =

as a function of ap. And substituting in for ap from equation (A-4) and Z from above
yields,

w =1 P1VsElp2 | S| =pi(l = X) = X — (1= pi)ye
=4 p(WVsEp2 [ 8] —1(1 = X) + (1 —)(up — ug))
(1=p)(1 =) (VrE[p2 | F] = (1 = X) — (up — ug))
p1(YVsE[p2 | S]—v(1 = X)+ (1 —v)(ur —ug))

This is the minimum fraction required by the investor assuming that a deal can be achieved
in the second period after failure in the first period.” In equilibrium the investor’s minimum
depends on the entrepreneur’s gains and costs because they must negotiate and participate.
If instead, an agreement cannot be reached after failure in the first period then the project
is stopped. In this case the minimum fraction required by the investor can be found by
plugging «g, into equation (A-9) for ag, where g, is the minimum when no second
period deal can be reached. In this case the minimum required investor fraction aq,, is

pl(l_X)+X -7
. — p1Vs E[p2]S]
—x 1-7
or,
B p1VsElp2 | S] —p1(1-X) - X
p1(YWVsElp2 | S] —v(1 = X) + (1 —y)(ur — ug))

OélNzl

We can similarly calculate the maximum fraction the entrepreneur is willing to give up
in the first period. The maximum fraction can be found by plugging @g; into equation (A-
9) for ag;, where ag, (i € [A, N]) is the maximum when either a second period agreement
after failure can (A) or cannot (N) be reached. When a second period agreement can be
reached a7, is

o1 2uo—up) = (1-p1)Elp | F]Vr(1 - aF)
B p1(YVsElp2 [ S] =Y (1 +7) + (1 =) (ur — up))

And when a second period deal after failure cannot be reached o is

(A +p)(uo—up)+ (1 —p1)(uo — ur)
p1(WVsElp2 | S] = (1 = X) + (1 = 7)(ur — ug))

oy =1

TTechnical note: with extreme values it is possible that ax would be greater than 1 or less than zero. In these
cases o is bound by either zero or 1. This would cause the aj to increase or decrease. This dampens some of
the effects in extreme cases but alters no results. To simplify the exposition we assume that parameters are in the
reasonable range such that the investor and entrepreneur would not be willing to agree to a share greater than 1 or
less than zero.
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VI.  Proof of Proposition 1:

It is clearly possible that both a’g, —ag, < 0 and ag, —ag, < 0. For example, a project
with a low enough Vg and/or Vi could have both differences less than zero. Similarly, for
a high enough Vg and/or Vg (or low X) both &g, —as, > 0 and ag, — ag, > 0, even
for ¢ equal to the maximum c of 1 — X. Thus, extremely bad projects will not be started
and extremely good projects may be started by any type of investor.

If either &g, — ag, > 0 or ag, — s, > 0 or both then the investor will generate more
surplus by committing if &g, — as, > &g,y — as, or vice versa. The difference between
g, —as, and gy, —as, is -

(1 —p)VrE[p2 | F] = (1 —p1)Aup — (1 —p1)(1 — X)
p1VsE[p2 | 5]

(A-10)

Equation (A-10) may be positive or negative depending on the relative magnitudes of
VrE[p2 | F], Aup, and (1 — X). That is, projects for which the first stage experiment
is cheap (X is small) and the utility impact on the entrepreneur from shutting down the
project is low (Aup is small) and the expected value after failure is low (VpE[p2 | F] is
small) are more likely to be done by an uncommitted investor. QED

VII.  Proof of Proposition 2 and Corollary 1:

From above we know that when Equation (A-10) is greater than zero then as, —ag, >
@5,y — as, and the project creates more value if funded by a committed investor. This is
more likely if Ve E[py | F] is larger, Aup is smaller, or (1 — X) is smaller.

The Corollary follows directly from the fact that if two projects have the same expected
value, p1 Vs E[pa | S]+(1—p1)VrE[p2 | F], and same probability of a successful experiment,
p1, but a more valuable experiment (VsE[ps | S| — VpE[p2 | F] is larger) then VrE[ps | F
must be smaller. QED

VIII.  Proof of Proposition 3:
A project will be funded by a committed investor if &g, — ag, > a5, — ag, or
(1 —pl)VFE[pQ ‘ F] — (1 —pl)AuF — (1 —pl)(l — X) Z 0 (A—ll)

The derivative of this condition with respect to X is (1 —pj). Thus a firm is more likely to
switch type of funder with a fall in X if it has a small probability of first period success, p;.
Furthermore, if X falls then (1 —p;)(1 — X) is larger and it takes a larger Vp E[p2 | F] for
a committer to win. Thus, the projects that switch will be those with lower VpE|ps | F].
For a given expected value if VrpE[ps | F] is smaller then VsE[ps | S| must be larger and
VsE[pa | S] — VrE[p2 | F] is larger so the project has a more valuable experiment. A
project will be funded by an uncommitted investor rather than no investor if

p1V5E[p2 ‘ S] — Q(UO — ’LLE) + (1 —pl)A’U,F —p1(1 — X) - X 2 0. (A—12)

The derivative of this condition with respect to X is p; — 1. Therefore an increase in X
has a larger (more negative) impact if p; is small. These firms have a smaller VgE[ps | 5]



COST OF EXPERIMENTATION 11

than those funded by an uncommitted investor before the change in X. However, before
the change a committed investor would have funded this set of firms if they had a higher

VrE[py | F]. This can be seen by noting that committed investors are willing to fund a
project if ag, —ag, >0, i.e., if

»VsE[p2 | S]+ (1 —p1)VrE[p2 | F] = 2(uo —up) —1 >0, (A-13)
QED



