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S1 Exhaustive Rollout

Exhaustive Rollout: Subset Sum Problem Analysis

Proof of Lemma 4.3. Again, fix K =k for k > 1, G = g, Wy_1 = wi_1. Define the random variable V;* so
that

yuo | Vi i Li=k-1,
FTV 1L, Ly <k—2V L=k

From Lemma 3.4 we are guaranteed that, given G = g, W}, follows distribution U[g, 1]. Thus, to determine
P(V}* > v|g, wg—1,C1), we can use the same analysis for Lemma 4.2, but restricted to the interval g < wy < 1.
Taking the expression P(V* > v|g, wx_1,C1) in (29), removing the (¢ —v)4 term, and normalizing by (1—g),
we have

P(Vy' > vlg, wg—1,C1) = (1_1g> (wp—1—v)4 —(g+wp—1 —v—1)4 + (1 =g —wr-1)4). (51)

This holds for all £ > 1, so we replace k with K in the expression. O

Proof of Lemma 4.4. Fix G = g. Note that, for K = 1, the jth insertion gap can never be greater
than g. Keeping the analysis for Lemma 4.2 in mind and using Lemma 3.4, we have that, for v < g,

P(V; >vlg,C1) =(g—v)+ (1 —9), (S2)
where (g — v) corresponds to the case where w; € [0, g] and (1 — g) corresponds to w; € ]g,1]. O

Proof of Corollary 4.1 and Theorem 4.2. The sum terms may be bounded with integral approximations. For
the upper bound, the argument of the sum is convex in m, so the midpoint rule provides an upper bound.

n—2 no3 1/3
9+2m 2 9+ 2m 3+ 2n 7
E < =1 .

3+m)(4+m) 1 33+ m)(d+m)
The asymptotic result then follows. O
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Exhaustive Rollout: 0-1 Knapsack Problem Analysis

We follow the same approach that was used for the subset sum problem and assume that the reader under-
stands this analysis (and thus less detail is included here). We employ the results from Section 3 and we use
the same definition for the jth insertion item that was used for the subset sum problem. Analogous to the
jth insertion gap Vj, we define here the jth insertion gain Z; for j > 2, where

Lj—1 K—1
Zj:=max |0, 1(W; <B) [P+ > Pl(i#j4) | - > P|. (S4)
i=1 =1

The jth insertion gain is simply the positive part of the difference between the value of the solution obtained
by using BLIND-GREEDY after moving item j to the front of the sequence, and the value of the solution from
using BLIND-GREEDY on the original input sequence.

We will bound the expected insertion gains while conditioning on (G, Wk _1, Px_1). Assuming K > 1,
this is done in the following three lemmas for packed items, the critical item, and remaining items, respec-
tively, just as we did for the subset sum problem. The lemma, after these three lemmas, handles the case
where K = 1. We assume that >\, W; > B throughout the section.

Lemma S1.1. For K > 1 and 7 =2,..., K — 1, the jth insertion gain satisfies
Z; =0 (S5)
with probability one.

Proof. This follows by observation since changing the order of the packed items does not change the total
profit. O

Lemma S1.2. For K > 1and j = K+1,...,n, the jth insertion gain satisfies Z; > Zjl, with probability one,
where Z;- is a deterministic function of (G, Wx_1, W}, Px_1, P;), and conditioning only on (G, Wx_1, Px_1)
gives

P(Zjl- < zlg,wx—1,px-1,C1) = zg+min(z+px_1,1) (wxk_1 — (g +wr_1 —1)1)
+(1—g—wr-1)y
P(Z' < z|lg,wx_1,pK-1,C1). (S6)

Proof. Fix K = k for any k > 1, and let the event C; be implicit. We define the lower bounding random
variable Z! so that

7zl .—

{ Z;, fL;=kVLj=k—1,
J

0, ifL;<k-2VLj=j

This means we have an exact characterization of the jth insertion gain when the insertion critical item is
either k or k — 1, and a worst-case gain of zero value in other cases. Thus it can be seen that Z; > Zjl-
with probability one, and Zjl- uniquely depends on the random variables (G, Wx_1,W;, Px_1, P;). Let Dy,
Dy_1, and D(;_o)_ indicate the events L; =k, Ly =k —1,and L; <k —2V L; = j, respectively. Using an
illustration similar to Figure 3 under the assumption that G = g and Wg = wg, we have that, if we only
allow W; to be random, then by Lemma 3.4,

P(Dklg, wk—1,pk-1,05) = 9, (S7)
P(Dr-1lg, wr—1,pk—1,p;) = wrp—1—(9+wp—1—1)4, (S8)
P(D—2)-|9, we—1,P6-1,05) = (1 —g—wp_1)4. (S9)



Note that these expressions do not depend on any of the Ps values, since item weights and profits are
independent. For each of the above cases, we can find the probability distribution for Z Jl while allowing only
Pj to be random, so that

P(Z§ < 2Dy, g, wi—1,wj,pr—1) = P(P;<z2) =z, (S10)
P(Zé < Z|Dk—1,9’wk—1,wj7pk—1) = P(Pj —P,_1 < z|pk_1) = min(z + PE_1, 1), (811)
P(Z]l < le(k72)fagawk—lawj7pk:—1) = ]P)(O < Z) =1 (812)

Again, these expressions do not depend on any of the Wy values by item profit and weight independence.
Then, combining terms and noting that the above functions do not depend on all of the conditioned param-
eters, we have that, if we only condition on (G, Wy_1, Pyx_1),

P(Z} < zlg,we—1,pe-1) = P(Z} < 2|Dx, g, wi—1,pr—1)P(Dklg, wi—1,pr—1)
+P(Z! < 2|Dy—1, 9, wk—1, Pr—1)P(Dr—1]g, i1, P—1)
+P(Z! < 2| Dik—2)—, g, wk—1, Pr—1)P(D(k—2)— |9, Wk —1, Pr—1)
= zg+min(z+pr_1,1) (wp—1 — (g + wr—1 —1)4)
(1= g—wp1)s (S13)

The analysis holds for all £ > 1, so we replace k with K, which yields the expression in the lemma. O
Lemma S1.3. For K > 1, the Kth insertion gap satisfies Zx > Z! with probability one, where Z% is a
deterministic function of (G, Wk _1, Wk, Px_1, Px), and conditioning only on (G, Wk _1, Px_1) gives

]P)(Zé( §Z|ngK717pK717cil) = (min(z—’_pKfla]-) (wkfl _(g—"_wal _1)+)+(1_g_wK71)+)

l—g
= P(Z' < 2lg,wk1,px1,C1). (S14)

Proof. Fix K = k for k > 1 and make the event C; implicit. We define the lower bound random variable Z ,lc
so that

g .| 2 if L =k —1,
k- 0, if Ly <k—2V L=k

This random variable assumes a worst-case bound of zero gain if item k£ — 1 becomes infeasible. By definition,
we have Zj, > Z! with probability one and that Z} is uniquely determined by (G, Wj_1, W;, Py—1, P;). Let
Di._1 be the event that L, = k — 1 and let D(k_g)_ indicate the event Ly < k — 2V Ly = k. By Lemma
3.4, we have that, for G = g, item k has distribution U[g, 1]. Using the analysis in the previous lemma, but
restricted to the interval [g, 1], we have

1

P(Dy—1lg, wi—1,Pk—1,px) = Ty (wi—1 — (g +wp—1 —1)4), (515)

1
P(D—2)-|g, wk—1,Pk—1,Pk) = q(l — 9= Wk—1)+- (516)

By the independence of item weights and profits, the following results carry over from the proof of the
previous lemma:;:

P(Z), < 2|Dy—1,9, wk—1, Wk, pk—1) = P(Py— Pyo_1 < 2|py_1) = min(z + pr_1, 1), (S17)

P(Z;, < 2|D(h—2)—, gs k-1, Wk, Pr—1) = PO <2) =1 (S18)



We then have that, if we only condition on (G, Wy_1, Px_1),

P(Z! < zlg,wp_1,pr-1) = P(ZL < 2/Dr_1,9, wi_1,06-1)P(Dr_1]g, wr—_1,Pk—1)
+P(Z}, < 2/D(—2)—» 9 We—1, Pk—1) P(D(o—2)— |9, W1, Pr—1)

= ﬁ (min(z + pr—1,1) (wp—1 = (g +wp—1 = 1)) + (1 — g —wy—1)+) -
(S19)

The analysis is valid for all £ > 1, so we replace k with K to obtain the expression in the lemma. O

We now define Z,(n), which is the gain given by the first iteration of the rollout algorithm on an instance
with n items,

Z.(n) :=max(Za,...,Zy). (S20)
For the rest of the section, we will usually refer to Z,(n) simply as Z,.

Proof of Theorem 4.3. We proceed in a fashion nearly identical to the proof of Theorem 4.1. We have that
for K=k>1, Z, > Zi with probability one, where

Zl i=max(Z}, Zh 1, ..., ZL). (S21)

This makes use of Lemmas S1.1 - S1.3. By Lemmas S1.2 and S1.3, each ZJZ- for j > k is a deterministic
function of (G, Wi_1, W;, Py_1, P;). Lemma 3.4 gives that item weights W} for j > k independently follow
the distribution ¢[0, 1], and Wy, independently follows the distribution U]g,1]. As a result, conditioning on
only (G, Wi_1, P;,—1) makes Z]l- independent for j > k, and then, by the definition of the maximum,

P(Zi S z|ngk—17pk—17 k7a)

n
P(Z}, < 2lg,wi—1,p6-1,C1) [] P(Z} < 2lg, wi—1,p5-1,C1)
j=k+1

= P<Zl S z|g,wk,1,pk,1,a) (P(Zl S Z|g7wk717pkflacil))

(n—k)
(S22)

In the remainder of the proof, we first integrate over the conditioned variables and then consider the case
C;. For the integrals, we adopt some simplified notation to make expressions more manageable. As with the
subset sum problem, let M :=n — K. Moreover, define

T =g, (523)
mo = wg—_1—(9+wr_1— 1), (S24)
- = (1—g—wk_1), (525)
- 1

To = Ty (Wi—1 — (g +wp—1 —1)4), (S26)
~ 1

m_ = Tg(l —g— wk;_l)_l,_. (827)

This allows us to write (S22) as

P(Zi < z|g, wg—1,pr—1,m,C1) = (min(z + pr_1, 1)To + 7—) (274 + min(z + pr_1, )mo + 7)™, (S28)



Integrating over p;_1, which follows density [0, 1],
P(Zi S Z|gawk—1amaa) - /P(Zi S Z|gawk‘—lapk—hmycil)fpkfl(pk—l)dpk—l
1—=
= / ((z+pe—1)To+7-) (27 + (2 + pr—1)m0 + 7)) " dpr—1
0

1
+/ (o +7—) (274 + 7m0 + 7)™ dpr—1
1

1
(m+1)(m+2)m3
((7‘1’0 + P, + 7T+Z)m+1(71'0%0(m + 1) + moT_ (m + 2) — Tom_ — %07T+Z)
—(m— + (mo 4+ m4)2)" (2 + m)moT— — T_To + To(mo + Mg — m4)2)) .
(S29)

= (To+7_)(mo+m_ +7mp2)"z+

At this point it is useful to evaluate separately the cases where g + wx—1 < 1 and g + w1 > 1. Let &€
indicate the event that g + wg_1 < 1 holds, and let £ be the complement of this event. Furthermore, define
A := Wy _1. This allows us to define

P(Zi < Z|g7wk—17m7a)£ = ]P)(Zi < z‘ngk—lamva)l(g +wg—1 < 1)v (830)
P(Z. < z|lg,wp—1,m,C1)g = P(Z. < z|g,wp—1,m,C1)1(g + wi—1 > 1), (S31)

so that
]P)(Zi S Z‘ngk—lamva) = ]P)(Zi S Z|g7wk—17m7a)5 +P(le< S Z‘ngk—lamva)?' (832)

Starting with the case where £ holds and substituting A for Wj,_,

(1-g+g2)" (A —g+m—gm-—gz)
(1—-g)a(m+1)(m+2)

(1—g+gztal—2)"" 1 —g+m—gm—gz+a(—1—m+z+mz2))

(1—-g)a(m+1)(m+2) '

P(Zi <zlg,a,m,Ci)e = z(1—g+g2)™+

(S33)
We now wish to compute
. 1 1—g .
P(ZL<edm e = [ [ B(Z< slg.0m Ce ala) felg)dads. (534)
o Jo
The evaluation of this integral is given in Section S3.2, which shows
. m—+1
P(ZL <zlm,Cl)e = pi(m,2)+ Z p2;(m, z) + ps(m, z) + pa(m, z), (S35)
j=1



where

22 (24 m*(=1+ 2)> + m(—1+2)(=3+5z) — 22 (3 — 3z + 22T™))
plm,z) = = A+mC+m)B L m) (=112 o (536)
2221+ (2+m)(=2+ 2) — jz)
J(=3+j—m)(=2+j—m)(1+m)2+m)(—1+2)%’
22 (—j(1+m)(=142) + 24+ m)(—1+m(-1+ z) + 22))
(=347 =m)(=2+j-m)(L+m)2+m)(-1+2)* ~
2H(m~+1) (—1+m(—=1+2) + 2z 4+ (=2 + 2)z3t™)

pa(m,z) = = A+m)2+m)(3+m)(—1+2)2 ’ (539)

paj(m.z) = (337)

(S38)

2 9z2+m 9z3+m
X Jiery o e Sl - Brpeey Ll  rupeny 7 ey e (540)

Since we are ultimately interested in the expected value of Z., we wish to evaluate
— — 1 —
E[ZL|m,Cis = / P(Z. < z|m,C))edz. (S41)
0

Recall that E[-] := 1 — E[]. Using the definition

@mwaémm@m, (54
we have _—
E[Z|m,Ci]e = &(m) + Z &25(m) + &5(m) + &a(m), (543)
where
_ 2Hm+1)B+m—H(m+3)(2+m))
&i(m) = (m+1)(m +2)(m + 3) ’ (544)
€oi(m) = 2(—(=3+j— m).(2 + m). +(+2+ m)?) H(j) — (j+ (2+m)?) H(m + 3)) (s19)

Jj(=3+j—m)(-2+7—m)(1+m)(2+m)

~ 2(H(m+4+3)-1)
B (24 m)(17+5m) —2(3+m)(4 +m)H(m + 2)
falm) = — (m+ 1)(m+2)(m+3) ' (547)

This completes the case for the event £ (i.e. g+ wx_1 < 1). Now, when the event £ holds,

(=294 (1—g)m)>tm
(1-9)2(1+m)(2+m)

P(Z. < zlg,a,m,Ci)z = 2(1—g+gz)"

(1—-9)1+m)—g2)(1 —g+gz)tt™
! (1—-9)2(1 +m)(2+m) : (548)

Continuing as we did with the case &,

]P’(Zl < z|m, Cl / / P(Z! < z|g, a,m, Cl) fala)fe(g)dadg
1—g
1
— [ 9B(z} < 2lg.a.m.Celato)ds, (349)
0

6



where we have used the fact that the expression P(Z! < z|g,a,m,C1)z is not a function of a. Evaluation of
this integral is given in Section S3.3; the expression is

m m+1l 41

P(Z < 2m,C)e = S 2z(L+m =3z —mz+ 223 +m — (1+m)z)) . » 5 +.1 j
(1+m)2+m)(B+m)(—1+2)3 (m+1)(m+2) &
i 2(1+m+ 2) (6 4 2m)zm+2

A Dm+ 221 —2) | (mA Dm+22m+ (L -2 (m+ 1)(m+2)
2m+2 20 (m + 1)z 2 2(1 +m + 2z)zm*2
Tl T mrDmr2)  (mtD)mr22(1-2)

2(1+m + 2)zm+3

- . S50
Gt 1)+ 22(m 1 (1 = 22 (850
We again calculate the following term for the expected value
- o 1
E[Z.|Im,Ci]z = / P(Z! < z|m)dz
0
204 10m 4+ m® — 2(3 +m)H(1 +m) "il 9
N (24 m)(3+m)? = J(=3+7-m)(1+m)(2+m)
(S51)

Bringing together both cases £ and &, we have
1
E[Z!|m,Cy] = / (1 -P(ZL < z|m,C1))dz
0

1
= 1—/ P(Z. < z|m,Cy)dz
0

= 1-E[ZlIm,C]e —E[ZiIm,Ci]z
1
(m+1)(m+2)3(m + 3)2 (
+(—244 — 454m — 334m? — 124m?® — 24m* — 2m®)H(m + 1)
+(—48 — 88m — 60m?> — 18m® — 2m™*)(H (m + 1))?)
+mz+l2(f4+jf4m+jmfm27 (G+@2+m)?)HG) + (j+ (2+m)?) H(3+m))
J(=3+j—m)(=2+j—m)(1+m)(2+m) '

= 1+ 186 + 472m + 448m? + 203m® + 45m* + 4m°)

j=1
(S52)
If the first item is critical, then
Marginalizing over G and taking the expectation gives
1
P(Z. <edm ) = [ B(ZL<2lgm ) felo)ds
0
1
= / (1—g+g2)™(2-29)dg
0
_ 2(1—|—m—2z—m2+22+m)- ($54)

14+m)(2+m)(—1+2)?



1
E(Z.|m,Cy) = 17/ P(Z, < z|m,Cy)dz
0
2 2H(m+1)

= 1 S55
* 2+ m m+1 (855)
Since the event Cy indicates M =n — 1,
2 2H(n)
E(Z.C1) = 1 — . S56
Ze) = 14— - (356)
Finally, accounting for the distribution of M with Lemma 3.1 gives the expression in the theorem:
- 2 2H (n)
E | Z. W;>B| >1 —
(n) ; * n(n+1) n?
1 n—2 m—+1
+— > T(j,m) + (186 + 472m + 448m® + 203m® + 45m™ + 4m”)
m=0 \ j=1
—(244 + 454m + 334m? + 124m> + 24m™* 4+ 2m°)H (m + 1)
1
—(48 + 88m + 60m* + 18m® + 2m*)(H 1))? :
(48 + 88m + 60m” + 18m?® + 2m*)(H (m + 1))?) i F ) (m T 2°0m 1 32
(S57)
where
T(m) = 2(=4+4j—4m+jm—m?— (j+ (2+m)?) H(j))
P T m) (2 - m) (L m) 2+ m)
2+ 2+m)*)HB +m) ($58)
J(=3+7-—m)(=2+j—m)(1+m)(2+m)
O

We observe that the nested summation term may be omitted without significant loss in the performance
bound. This is accomplished by showing that the argument of the sum is always positive.

Lemma S1.4. Forallm >0and 1 <j <m+1,

(—4+j—dm+jm—m?— (j+ 2+m)?) H() + (j + (2+m)?) H(3+m))
J(=3+j—m)(=2+j—m)(1+m)(2+m)

> 0. (S59)

Proof. The denominator is always positive, so we focus on the numerator. There numerator consists of two
parts,

Ni(j,m) = (4—=j)(m+1)+m? (S60)
m—+3

NoGm) = (G+Em?) Y T (S61)
i=j+1

Our goal is to show that No(j,m) > Ni(j, m) always holds. The difference equation for Ny (j, m) with respect



to j satisfies

A(N2(j,m))

For the other term, we have

IN

N2(j + 17m) - NZ(ja m)
m+3 m—+3 m—+3 1

S Y -G Y
i=j+2 i=j+2 i=j+1
S Lgram?
i:j+2i j+1
m—j+2 j+(2+m)?

i+2 41
m—j+2 j+(2+m)?

i+1 41
—2—3m-—m?—2j

j+1
—4 — 3m — m?
m+ 2

A(Ni(j,m)) = =(m +1).

(S62)

(S63)

Both Ny(j,m) and Nao(j,m) are decreasing in j and N»(j,m) decreases at a greater rate. We approximate

N (j, m) with the following:

Looking at j =1,

m+3 m—+4
1 1 4
Hm+3)—H(j) = Z fZ/ dx—log(M).
i=j+1 ¢ Jj+1 z .7+1
Ni(1,m) = 3+3m+m?

NQ(Lm) =

4
(5 + 4m +m?)log (m;—) )

(S64)

(S65)
(S66)

guaranteeing No(1,m) > Ni(1,m). With consideration of starting points and slopes for the two numerator
terms, ensuring that Na(m + 1,m) > Ni(m + 1, m) is sufficient for the lemma. We have

Ni(m+1,m) = 3+2m, (S67)
1 1
N. 1 = 1+ (2 NMN——+——
2t dm) = (nt 1 @) ()
2
> (5+5 N ——=
(5+5m +m”) (m + 3)
10+ 10m + 2m?
N m+3
> 34 2m. (S68)
O
Proof of Theorem 4.4. We will show that lim,_, E[Z.]] = 1, so we are interested in bounding the rate at

which 1 — E[Z,|-] approaches 0. Accordingly, we are only concerned with the negative terms in (S57). The



magnitudes of these terms are

ﬂm>::2ﬁfﬁ (569)
12 (244 4 454m + 334m? + 24m®* 4+ 2mP) H (m + 1)

Ban) = ﬁmzz:o (m+ 1)(m + 2)3(m + 3)2 ’ (870)
<= (48 + 88m + 60m? + 18m3 + 2m*)(H (m + 1))?

Bn) = mz:o (m+1)(m +2)3(m + 3)2 ' (871)

The second and third terms are decreasing in m, so they are bounded by their respective integrals. Using a
logarithmic bound on the harmonic numbers, we have

Ti(n) = o(log”>, (S72)

Lot 1
- -/ o ( Ogm> dm
n Jo m
log?
_ o(%7ﬁ7 (573)
n
152 [log’m
T. = = )
o - 130(%5)
1 n—1 1 2
nJo m
log2 n
= O 3 ) : (S74)
The largest growth rate is O(log <& 1) Furthermore, we have that lim, o, E[Z.(n)|-] = 1 since the gain has a
natural upper bound of unit value. O

S2 Consecutive Rollout

Consecutive Rollout: Subset Sum Problem Analysis

The proof method for Theorem 5.1 is similar to the approach used for Theorem 4.1. Keeping Figure 1 in
mind, we look at modifications to the BLIND-GREEDY solution caused by removing the first item. Removing
the first item causes the other items to slide to the left and may make some remaining items feasible to
pack. We determine bounds on the gap produced by this procedure while conditioning on the greedy gap G,
critical item K, and the item weights (Wx, Wi 1). We then take the minimum of this gap and the greedy
gap, and integrate over conditioned variables to obtain the final bound. Our analysis is divided into lemmas
based on the critical item K, where a separate lemma is given for the cases K = 1,2 < K <n —1, and
K =n.

To formalize the behavior of CONSECUTIVE-ROLLOUT, we introduce the following two definitions. The
drop critical item L; is the index of the item that becomes critical when the first item is removed and thus
satisfies

L1 1
Z Wi <B<ZWZ, it YL, Wi> B,
Ll—n—l—l if Z?:QWZ'SB’

10



where the latter case signifies that all remaining items can be packed. The drop gap V; then has definition

Llfl
Vi=B- Y W. (S75)
1=2

We are ultimately interested in the minimum of the drop gap and the greedy gap, which we refer to as the
minimum gap, and is the value obtained by the first iteration of the rollout algorithm:

Vi(n) := min(G, V7). (S76)

We will often write V,(n) simply as V.. We will also use C; to denote the event that item 4 is critical and Cin
for the event that 2 < K < mn — 1. Furthermore, recall that we have Py = W7 for the subset sum problem.

Lemma S2.1. For 2 < K <n — 1, the expected minimum gap satisfies

13
EVin)2<K<n-1]< a0 (ST7)
Proof. Fix K = k for 2 < k < n — 1. The drop gap, in general, may be a function of the weights of all
remaining items. To make things more tractable, we define the random variable V" that satisfies V3 < V}*
with probability one, and as we will show, is a deterministic function of only (G, W1, Wi, Wi41). The variable
V" is specifically defined as

‘/lu ::{ Vvl7 . lf lekVL1:k+1, (878)
B_Zi:Q Wi, 1fL12k+2

In effect, V* does not account for the additional reduction in the gap given if any of the items ¢ > k + 2
become feasible, so clearly, Vi* > V;.

To determine the distribution of Vi, we start by considering scenarios where Ly > k+2 is not possible, and
thus Vi* = V. For G = g and Wy = wy, an illustration of the drop gap, as determined by (g, w1, wg, Wg+1),
is shown in Figure S1. The knapsack is shown at the top of the figure with items packed from left to right,
and at the bottom the drop gap vy is shown as a function of w;. The shape of the function is justified by
considering different sizes of w;. As long as w; is smaller than wy — g, the gap given by removing the first
item increases at unit rate. As soon as w; = wy — g, item k becomes feasible and the gap jumps to zero.
The gap then increases at unit rate, and another jump occurs when w; reaches wy — g + wg_1. The case
shown in the figure satisfies wr — g + wk41 + wr2 > 1. It can be seen that this is a sufficient condition for
the event L1 > k 4+ 2 to be impossible, since even if w; = 1, item k + 2 cannot become feasible. It is for this
reason that vy is uniquely determined by (g, w1, wg, wr4+1) here.

Continuing with the case shown in the figure, if we only condition on (g, wg, wr+1), we have by Lemma
3.4 that W follows distribution U0, 1], meaning that the event V4 > v is given by the length of the bold
regions on the w; axis. We explicitly describe the size of these regions. Assuming that Ly < k+ 1, we derive
the following expression:

P(Vi > v|g, wi, wit1,Cin, L1 <k +1) = (wr —g) + (wgr1 — )+ + (1 —wp + 9 — w1 — )4
—(wk —g+wis1 — D)y, v<g. (S79)

The first three terms in the expression come from the three bold regions shown in Figure S1. We have
specified that v < g, so the length of the first segment is always wy — g. For the second term, it is possible
that v > wg41, so we only take the positive portion of wg41 — v. In the third term, we take the positive
portion to account for the cases where item k+ 1 does not become feasible, meaning wy — g+ w41 > 1, and
if it is feasible, where v is greater than the height of the third peak, where v > 1 — wy + g — Wg41-

The last term is required for the case where item k4 1 does not become feasible, as we must subtract the
length of the bold region that potentially extends beyond w; = 1. Note that we always subtract one in this
expression since it is not possible for the w; value, where v; = v on the second peak, to be greater than one.
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Figure S1: Gap v; as a function of wy, parameterized by (g, wg, wg+1), resulting from the removal of the
first item and assuming that K = k with 2 < k <n — 1. The function starts at g and increases at unit rate,
except at wy = wy — g and wy; = wi — g + wk41, where the function drops to zero. If we only condition on
(g, Wk, wit1), the probability of the event V4 > v is given by the total length of the bold regions for v < g.
Note that in the figure, wy — g + wr+1 < 1 and the second two bold segments have positive length; these
properties do not hold in general.

To see this, assume the contrary, so that v + wy — ¢ > 1. This inequality is obtained since, on the second
peak, we have vy = g — wi +w; and the w; value that satisfies v; = v is equal to v + wr — g. The statement
v+ wg — g > 1, however, violates our previously stated assumption that g < v.

We now argue that we, in fact, have V3 < Vi with probability one, where

PV > vlg, wr, wrs1,Cin) = (wr —g) + (wrs1 —v)4 + (1 —wp + g — wry1 — )4
—(wg —g+twgr1 — Do, v<g. (S80)

We have simply replaced V; with Vi* in (S79) and removed the condition Ly < k+ 1. We already know that
the expression is true for L1 < k+ 1. For L; > k+ 2, we refer to Figure S1 and visualize the effect of a much
smaller w9, so that wg — g + wg+1 + wrto < 1. This would yield four (or more) peaks in the v; function.
To determine the probability of the event V; > v while W is random, we would have to evaluate the sizes
of these extra peaks, which would be a function of wi2, wrts, etc. However, our definition of V{* does not
account for the additional reductions in the gap given by items beyond k + 1. We have already shown that
V1 < Vi¥, and now, clearly, V;* is a deterministic function of (G, Wy, Wy, Wi1), and (S80) is justified.

We now evaluate the minimum of V;* and G and integrate over the conditioned variables. To begin, note
that conditioning on the gap G makes V* and G independent, so,

P(‘/lu > UvG > ’U|®ag7wk7wk+l) = IPD(‘/lu > U‘E,g,w;g,IUk+1)]l(U < g) (881)
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Marginalizing over Wj, 1, which has uniform density according to Lemma 3.4, gives

1
P(Vi* > v,G > v[Cin, g, wi) = / P(V{" >wv,g > v|Cin, g, Wk, Wy 1) fvy, o, (Wh1)dwpey
0

(=) + 50 - 02 = Jwn - g1

1
+2(1wk+gv)i) 1(v < g). (S82)
Using Lemma 3.3, we have
JE— wk PR— P
P(VI* > v,G > v|Cin, wi) = / PV > v,G > v|Cin, 9, wi) f e w, (91Cin, wi)dg
0
v 202 v3 VW

= 1-2v—— 4+ — = — 4+ —. S83
v Wi + Wi QU}k + 2 ( )

Finally, we integrate over W), according to Lemma 3.2

1
PV > 0,G > v|C,) < / PV > v,G > v|Cin, wi) fwv,, (wi)dwy,

11 20t
= 1- im0 (S84)
3 3
This term is sufficient for calculating the expected value bound. O
Lemma S2.2. For K = n, the expected minimum gap satisfies
1
E[V*(n)|K =n] = 1 (S85)

Proof. We follow the same approach that we used for Lemma S2.1. Figure S2 shows the drop gap Vi as
a function of wq, given w, and g. The figure is justified using the same arguments that are in the proof
of Lemma S2.1, but since no other items can become feasible, we can derive an exact expression for the
probability of the event V; > v when only conditioning on (g, w,). Since W; has distribution U[0, 1] via
Lemma 3.4, we can simply take the total length of the bold regions to find P(V; > v|Cy, wy, g). Thus,

P(Vl >U‘memg):(wn_g)+(1_wn+g_v):(1_v)v v<g, (886)

where we have that 1 — w,, + ¢ — v is non-negative since v < g and w,, < 1. To find the probability of the
event V, > v, we note that the events V> v and G > v are conditionally independent given G = g, so

P(V >v,G > v|Ch,wn,g9) = (1-v)L(v<g), (S87)
Marginalizing over G using Lemma 3.3 gives
1
P(V > 0v,G > v|Cp,wy) = / P(V > v,G > v|Cpy,wn, 9) faic,,w, (9|Cn, wn)dg
0
_ (wy, —v)(1 —v) (S88)
W, '
Noting the distribution of the critical item from Lemma 3.2,
1
P(V >uv,G>v|C,) = / P(V > v,G > v|Ch,wn) fw, ¢, (wn|Cr)dw,
0
= 1-3v+302 -3 =P(V* >|C,). (S89)
This is sufficient for calculating the expected value. O
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Figure S2: Drop gap vy as a function of wy, parameterized by (w,, g), resulting from the removal of the first
item and assuming that the last item is critical (K = n). The function starts at g and increases at unit rate
until w; = w, — g, where it drops to zero, and then continues to increase at unit rate. If we only condition
on (wy, g), the probability of the event V; > v is given by the total length of the bold regions for v < g.

Lemma S2.3. For K = 1, the expected minimum gap satisfies

7
E[V*(n)|K =1] < 30" (S90)
Proof. We use a more direct approach when the first item is critical, since W7 no longer has a uniform
distribution (from Lemma 3.2). However, the analysis here is similar to the proof of Lemma S2.1 in how we
bound the drop gap. Note that we have B = G for this case. Additionally, the gap given by the minimum
gap will always be equal to the drop gap since BLIND-GREEDY does not pack any items. We define a variable
V" that satisfies V7 < V}* with probability one, where
|41 if L1 =2VL =3
u . 9 9
Vi { G Wy—Ws, if L >4 (591)
We let the event L; > 4 also account for the case where n = 3, and the two remaining items are feasible.
If, in fact, n > 4 and L; > 4, then Vi does not account for the additional reductions in the gap caused by
more items becoming feasible. Thus we see that Vi* is a deterministic function of (G, Wa, W3).
To further simplify our expressions, we define Da, D3, D4y to be the events L1 = 2, L; = 3, and L; > 4,
respectively. Based on these cases, the drop gap bound V}" is given by the values shown in Table S1.

Table S1: Drop gap bound values when the first item is critical (Cy).

Case Defining inequalities Minimum gap bound
D- Wy >G ‘/1u =G

D3 W2§G7W2+W3>G VluzG—Wg
Dyt Woe+ W3 <G V=G - Wy —Ws

We begin by finding some necessary distributions for the cases. For case D3, the posterior distribution

of W5 is needed. We have
P(”Q < G7 Wo + W3 > G|Clang2)fw (wQ)
C1,D = E S92
fwaler D5, (w2]C1, D3, g) P(Ws < G, W + W3 > G|C1, 9) g (592)

where we have used Bayes’ Theorem and that fy,|c, a(w2,C1,9) = fw,(w2) = U[0,1] by Lemma 3.4. For
the numerator, we have

P(W2 < G, W+ W3 > G|Cy1,g,w2) = (1 — g+ w2)L(wz < g), (593)
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which follows using Lemma 3.4 for the distribution of W3. Integrating over Wy gives

1 2
]P’(D;;\Cl,g) = / ]P)(Wg < g, W2 + W3 > G‘Cl,wQ)fW2 (U)Q)de =g — % (894)
0
Returning to the posterior distribution of Wj,
21l —g+w
fivses pualunlCr Dyg) = 22950 <y, < (S95)
(2-9)
2—2
IP)(WQ §w2|C13D3;g) = w7 OSwQ Sg (896)
(2—9)9
Moving to the case Dy, define W' := Wy + W;
2
B(Dus|C1,9) = B(OW' < glC1,9) = -, (597)

where we have used that the distribution of W', conditioned on the first item being critical, is the distribution
for the sum of two independent uniform random variables (via Lemma 3.4). Finally, for the posterior
distribution of W5 + W3, we have
w/2
P(ngwllcbpﬁblﬂg):Fﬂ nglgg (898)

We can now find distributions for Vi* conditioned on all cases for the drop critical item. For case Da,
clearly, V* = G, and

P(Ds|Cr,9) =P(W2 > g)=1—g. (599)
For D3, we have
P(V}* > v[C1,D3,9) = P(W2 <G —9|C1,Ds,9)
(2-g—v)(g—v)
(2-49)9 g (5100)

Then, for Dy,

P(Vi > v[C1,Day,g) = P(W' <G —v|Ci,Duy,g)

(g —v)?
= FER 0<v<yg. (S101)
Considering all three cases, we have
PV > v[Ci,g) = PV >0|C1, D2, 9)P(D2C1, g) + P(V}* > v[Cy, Ds, g)P(Ds|Cy, 9)
+ P(‘/lu > ’UlCl,D4+, g)P(D4+|Cl7g)
= (1—v—gv+0v?)l(v<g). (S102)
This gives the expected value bound
9 g
B[V.|C1,0] SE[VICro =g — L - L. (5103
Finally, integrating over G using Theorem 3.1,
! 7
BVC) < [ EIV.ICrglfolo)ds = oo (5104)
0
O
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The final result for the subset sum problem follows easily from the stated lemmas.

Proof of Theorem 5.1 Using the above lemmas and noting that the events Ci, C1,,, and C,, form a partition

of the event ) .., W; > B, the result follows using the total expectation theorem and Lemma 3.1. O

Consecutive Rollout: 0-1 Knapsack Problem Analysis

The analysis of the consecutive rollout algorithm for the 0-1 knapsack problem follows the same structure
as the analysis for the subset sum problem, and makes use of the properties described in Section 3. The
development here assumes that the reader is familiar with the subset sum analysis, so less detail is presented.

We use the same definition of the drop critical item L that was used on the subset sum problem. From
the algorithm description of CONSECUTIVE-ROLLOUT and the gain definition in (7), we have that the gain
Z.(n) satisfies

L,—-1 K-1
Z.(n) = max (0, > pi- Pi> : (S105)
=2

i=1

We will sometimes write Z,(n) simply as Z.. The following three lemmas bound the gain Z,(n) for different
cases of the critical item, assuming n > 3. Theorem 5.2 then follows easily. We implicitly assume that
>r_, Wi > B holds for the section.

Lemma S2.4. For K = n, the expected gain satisfies

1
E[Z.(n)|K =n] = g (S106)
Proof. A positive gain can only obtained in the case where the last item becomes feasible when removing
the first. Consistent with our subset sum notation, let D,, 1 denote the event that item n becomes feasible
when the first item is removed. Using Lemma 3.4 and the perspective of Figure 1, this probability is given
by

P(Dn+1|g,wnacn) = IP)(I/Vl > Wy — G|wnagacn) = (1 — Wy + g)~ (8107)
Integrating over G using Lemma 3.3 and W,, using Lemma 3.4 gives
Wn 1 W,
B(DunilCov) = [ (1= wa )0 dg=1- "5 (5108)
0 W, 2
! w 2
P(Dy41]Cp) = /0 (1 — 7) 2w,dw, = 3. (S109)

Now, assuming that item n becomes feasible, we are interested in the case where it provides a larger value.
This is simply given by the probability

1

following from the symmetry of the distributions of P, and P,,. Conditioned on the event P, > P;, we are
interested in the distribution of the gain, which is equal to P, — P;. We have

P(P, > Py) '

PP, — P <q|P, > P1) = (S111)

For the numerator,

1-q prpi+aq 1 1 q2
PO<P,-P<q) = / / dpndp +/ / dpndp1 = ¢ — =, (5112)
0 p1 1-g¢Jp1 2
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which gives

P(P, — P, < q|P, > P) =2q — ¢°, (S113)
E[P, — P[Py > P\] = % (S114)
Finally, by the independence of item weight and profit, we have
E[Z.(n)|Cy] = E[P, — Py|P > PJP(Py > P1)YP(Dyy1|Cr) = % . % - g _ % (S115)
O
Lemma S2.5. For 2 < K <n — 1, the expected gain satisfies
E[Z.(n)|]2< K <n] > %98 ~ 0.205. (S116)

Proof. We again let C;,, be the event that 2 < K < n — 1. We fix K = k, and the proof holds for all valid
values of k. In the case of event Ci,,, it is possible that removing the first item allows for the critical item
to become feasible, as well as additional items (i.e. L; > k + 2). However, we are only guaranteed the
existence of one item beyond the critical item, since it is possible that & = n — 1. Let Dj41 indicate the
event Ly = k41 and let D94 indicate the event L; > k+2. If item k42 does not exist (i.e. k =n—1),
then this event means that all remaining items are packed.

For the probability of the event Dy 1, we have from Lemma 3.4 that W; has distribution ¢]0, 1]. Then,

P(Dy11l9, wi, wit1,Crn) = wit1 — (Wg — g + w1 — 1)+ (S117)

This can be argued using an illustration similar to Figure S1, where the second term mitigates that case
where w11 extends beyond b+ 1 for B = b. Likewise, for the event D 2),, we have

P(D(k+2)+lg7wk,wk+17m) = (1 —wg + g — Wit1)+- (S118)

Starting with event Dyy1, we integrate over W1, which has uniform density by Lemma 3.4.

1
P(Dry1lg, wr,Cin) = / P(Dry1lg, wr, W1, Crn) fwi gy (Wer1)dwe 1
0
1 1
= / Wh1dWp41 — / (W — g+ wrg1 — 1)dwp41
0 1+g—wg
1 g2 w?
_ 1 ¢ _ Wk S119
5 o + gwy, ) ( )

Marginalizing over G with Lemma 3.3 gives

P(Dyy1|wg,Cin) =

I
= ﬁc\

Ead
A~
N =

|
oS,

_|_

Q

|
.5,
N~
g~

Q.

= - Y (S120)

Finally by Lemma 3.2,

- ! - L1 w? 5
P(Dk+1|Cln) = / P(Dk+1|wk,cln)fwk (wk)dwk = / <2 — Gk) 2wkdwk = —. (8121)
0 0
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Now, for the event D(;2)4, we integrate in the same order, using the same lemmas.

1
P(D(x+2)+19, Wk, Cin) = /P(D(k+2)+\g,wk,wk+1,C1n)fwk+1(wk+1)dwk+1
0

1—wi+g
/ (1 —wy + g — wir1)dwg g
0

1 2 w2
- §+g+%7wk7gwk+7k. (S122)
JE— 1 JE—
P(D(it2)+|wi; C1n) = / P(D(k42)+19: Wk, Cin) fayw, (glwr)dg
wk w2 1
= ( +g+—wk—9wk+2k>wkd9
1 Wk wi
= - - — 4+ £, 12
2 2 + 6 (8123)
p a—\ 1 _ _ L1 Wi
(D(k+2)+|Cln) = ]P)('D(k+2)+|cln, wk)fWk (wk)dwk = 57 o + F Quidwyg = Z.(Sl24)
0 0

Equipped with these probabilities, we now consider the gain from the rollout for the different drop critical
item cases. For the case where only one item becomes feasible (Dj1), the analysis in the previous lemma
holds, so we have

S _ 3 (S125)

_ — 11
E[Pn — P1|C1n,Dk+1} = E[Pn — P1|Pn > Pl]]P(Pn > Pl)P(Dk+1|Cln) = g . 5 . 12 7

If two or more items become feasible (D(1)+ ), we only consider the gain resulting from adding two items,
and this serves as a lower bound for the case of more items becoming feasible. Accordingly, define

P = Py + Py (8126)

The probability that the profits of the two items are greater than P; is given by

1 rp1 1,2
P(P'>P)=1-P(P <P)=1 7/ / pdp'dp, =1 f/ %dpl = % (S127)
0 0 0

The gain conditioned on the event P’ > P is given by

PO< P — P <gq)

( 1 < q|P" > D) PP S Py) (S128)
Proceeding with the numerator and assuming 0 < ¢ < 1,
1-q rpitq 1 1 1 P1t+4q
PO<P -Pi<q) = / / pldp'dp: + / / pldp'dps + / / (2 —p)dp'dp:
0 P1 1—q Jp1 1—-qJ1
1—q 2 1 2
q I pi
= = |d - —=1d
/0 (P1Q+2> P1+/1q(2 2> 1
1 2
3
+/ <2+2P1pz+2q P1Q>dpl
1—gq
2 3
q 4 q
= 4+ ——2-0<qg<1. 12
p Ty Ty 0=as S



Now, for 1 < ¢ < 2,

PO< P —P <q)

1 1 2—q pp1t+q
//pdp'dp1+/ / (2 pdpdp1+/ / p')dpdp:
0 Jp1 2—q
1 py / 3
-_Hn _2 49y _ 1 49 _4
/0<2 2>dp1+ | (2-1- p1 2+q p1q 2)dp1

1

1
+= dp1
1 2 qg

The distribution for the gain is thus given by

B(P'— P, < q|P' — P, >0) = { (s131)

The expected value is

1 2
3 6 6 12 12 3, 13
EPUJDP—P>O:/‘ 7+7—72<1+/ = - g+ dg = —. S132
[ 1 1 > 0] A q<5 54— 51 | dg ! "\ 73 5q 1= 55 ( )

Recalling that it is possible for more than two items to be added in the case D;9);, let P” be the total
value of items added for the case. We may bound the expected gain as follows, where the term P(Dy|C1,,)
is omitted since it provides zero gain. We are implicitly using the fact that item weights and profits are
independent.

BIZ)Cn] = E[P" — BIP" > PJE(P" > P)PDy ), )
+E[P, — P|P, > P\JP(P, > P)P(D41/C1n)
E[P' — Pj|P' > PJP(P' > P1)P(Dyis2)+[Crn)

+E[P, — P1|P, > P\|P(P, > P,)P(Dy41[Crr)

1351 11 5 59
= . 2.4 .22 == 1
20 6 4+3 2 12 288 (8133)

v

Lemma S2.6. For K = 1, the expected gain satisfies
5
E[Z.(n)|K =1] > o1 = 0.208. (S134)

Proof. We use the drop events Dy, D3, and D4y just as we did for the subset sum problem. The event
probabilities given G = g are the same as those for the subset sum problem. Accordingly,

1 1
PDaIC) = [ P(DalCrg)fatolg = [ (1= 9)(2 = 20)dg = 3. (5135)
P(iier) = [ PPl a)falada = [ (9% ) @200 = 5, (5136)
P4 101) = 15 (5137)

The greedy solution gives zero value, so the expected gain is easily determined using independence of item
weights and profits,
E|Z.|C1,Ds] = 0, (S138)
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1
E[Z.|C:, Ds] = E[Ps] = 3, (S139)

E[Z.|C1,Das] > E[Ps + P3] = 1. (S140)

Combining all cases for the drop critical item,

E[Z.|Ci] = E[Z.|C1, Ds]P(Ds|C1) + E[Z.|C1, Das]P(Das|Cr)
11 1 5
> .z L= 2
> S tlg =g (S141)
O

The result for the 0-1 knapsack problem then follows.

Proof of Theorem 5.2. The events Ci, C1p, and C, form a partition of the event 21;1 W, > B, so us-
ing Lemma 3.1 gives

E > wi>B
i=1

Z.(n) = E[Z.(n)|C]P(C1) + E[Z.(n)|C1n]P(C1n) + E[Z.(n)|Ca]P(Cn)

5 (1 59 (n—2 1/1 —26 + 59n
— (= — | — = = 142
24 (n) + 288 ( n ) * 9 (n) 288n (5142)

v

S3 Evaluation of Integrals

The following lemma is used in the evaluation of integrals described in this section.

Lemma S3.1. For constant values k1, ko and non-negative integer 6,

0 0 0] j
/ (1 R2)” g 0 log () + > Fy (k1 + hax) (5143)
T ; J
j=1
Proof. We begin by noting that
0 0—1
/70{1 +;2x) de = /fiz(m + fezm)efldm + / —m(m +;2x) dx
0 0—-1
- @ + Ky / mdm. (S144)
x

The statement of the lemma clearly holds for § = 0. Assuming that it holds for § = ¢, we have for § = ¢+ 1,

t t—j 1
(k1 + Kox)tH! (k1 + Kox)tH! : K] 7 (k1 + Kox)
= dr = —— " k| KL log(x) + Z —_—
/ x t+1 = 3j
t+1  t4+1—j j
= i log(a) + > M (H; el (8145)
j=1

The property then holds for all 8 by induction.
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S3.1 Evaluation of Integral (35)

To simplify expressions, we use A := Wg_1. Moreover, recall that M :=n — K. The integral is

1 1 _ o o
P(V*u > U|m7a) = / / P(G > U‘a7ga?1)P(Vu > U|avg7cl) (P(Vu > U|aagacl)) fA(a‘)fG(g)dadg
0 0
(S146)

This may be evaluated by considering regions where the arguments have simple analytical descriptions as a
function of a and g. We begin by noting that P(G > v|a,g,C1) = 1(v < g¢), so we may restrict our analysis
to regions where v < g. For the integral evaluation of (a,g) € R;, we use the notation

o) = [ PG> vla.g CORT" > 0la 0.8 BV > vla.9.80)" fala) ola)dadg.  (S147)

The relevant regions are shown in Figure S3, where different enumerations are necessary for v < % and

v > 1. The values of (P(V" > v|a,g,C1))™ and P(V* > vla, g,C;) are shown in Table $2. Note that, in

many cases, the ﬁ factor from P(G > v|a, g,C1) cancels with the (1 — g) factor from fg(g), which simplifies
the expression.

Table S2: Arguments of (35) for regions shown in Figure S3.

Region | (P(V* > v|a,g,C1))™ | P(V* > v|a,g,C1)
Ry (I-v—a)™ (1-g—a)/(1-9)
Ry (g —v)™ 0
R3 (1 —=2v)™ (I-g-v)/(1-g)
Ry (a+g—20)" (a—v)/(1—g)
Rs (a+g—20)™ (a—v)/(1—g)
Rg (I—=v)™ 1
Ry (I-v—a)” (I-g—a)/(1-g)
Ry (g —v)™ 0
Ry (a+g—20)™ (a—v)/(1-g)
R10 (1 —’U)m 1
a a
1+U\ gta>v+1 gta>v+1
1 1 1~ Rio
Re v Rg
Ry
Rg
v 1t s
R1 > R7
v 1 g v 1 g
g+a<l1 g+a<l

(a) (b)

Figure S3: Integration regions for (a) v < 1 and (b) v > 3.
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Regions 1-6 correspond to the case where v < %

p1(v,m)

pa(v,m)

,03(1], m)

p4(’U, m) =

ps(v,m) =

ps(v,m) =

v

- /OU/Ul_a2(1—v—a)m(1—g—a)dgda:/ (1—a—v)*"da

0
_ _ 3+m _ 3+m
B (1—2v) +(1—-v) . (S148)
3+m

) (S149)

_ /1U/Ula2(1—2@)m(1—g—v)dgda=/v1ﬂ(3v—a—1)(1—2v)m(v+a—1)da

v

(1 —2v)3t™, (S150)

Wl Do

1—v v+1—g
/ / 2(a+g—2v)"(a —v)dadg
v 1—g
1

1—v
armeLm / (—2(1 = 20)""™ + 4g(1 — 20)'T™ — 2m(1 — 20)'T" 4 2gm(1 — 20)1 T

+2(1 = v)" —4g(1 — o)™ 4 2m(1 — ) = 2gm(1 — ) 4 2m(1 — 20) T
+2(1—v)"""™v) dg

m (m(l — 21})3+m +m(l—v)"+2(1 —v)"v—3m(l —v)"v

—6(1 — v)™v? +2m(1 — v)™v? + 4(1 — v)"v%) . (S151)
1 1+v—g

/1_ / 2(a+g—2v)"(a —v)dadg

m /1_ (2(1 —v)"™ — 4g(1 — o)™ 4 2m(1 — v) ™ — 2gm(1 — v) T

+2(g —v)*™ +2(1 — v)"™v) dg

1
_21_2 3+m 21_ 1+m_1 1_ 1+m _2 1_ 1+m
@t m@sm 20207 +20-0) 0L = v) ™" = 2m(1 —v) "
+14(1 — v)"™0? + Tm(1 — 0) T + mP (1 — v)Te?) (S152)

/ / (1= 0)™(2 — 29)dadg — / (2= 29)(1 = v)™ (g — v)dg = %(1 _opPtm(S153)
v 1+v—g v

Summing all terms of P(V* > vm,Cy) for v < § gives

PV} > vlm,C1)<

=N (Uv m) + Pz(”» m) + Pg('U, m) + P4(Uv m) + p5('U, m) + pﬁ(vv m)

1
>3

= 3(%#»770 (2m(1 —20)™ +m(l —v)" 4+ 9(1 — ,U)3+m —12m(1 — 20)™v

—3m(1 — v)™v + 24m(1 — 20)™v? + 3m(1 — v)™v* — 16m(1 — 2v)™v?
—m(1—v)™v?). (S154)
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Regions 7-10 are for the case v > %

pr(v,m) = / / - 201 —v—a)™(1 —g—a)dadg
v JO . )
= —(1 ey By / (2(1 — ) 4g(1 — )™ 4 2m(1 — 0)1T™ — 2gm(1 — v)1T™
+2(g —v)*™ 4+ 2(1 —v)"v) dg = (1;_'_# (S155)
ps(v,m) = 0. (S156)
1 1+v—g
po(v,m) = / / 2(a+g—2v)"(a — v)dadg
v v 1 .
= —(1 ey By / (2(1 — )™ —4g(1 — )™ 4 2m(1 — )™ = 2gm(1 — )™
+2(g — )™ + 2(1 — v) ™) dg = % (S157)

1

pro(v,m) = / /1+ (1 - )™ (2 - 2g)dadg = / (2~ 26)(1 ~ v)"(g ~ v)dg = (1 )+ (S158)

v

Summing these terms yields, for v > %,

BV > olm,Cr)sy = pr(v,m) + ps(v,m) + po(v,m) + pro(v, m)

2(1 _ ,U)3+m

N

1
= —(1-v)*tm 1
3( v) + STm (S159)
In summary, we have
_ P(VY > vjm,Cr)c1, v< 2L,
P(V¥ > ,C1) = iy kg 2 S160
(V= vl @) {P(w>v|m,cl>>;, o> 1 (3160
S3.2 Evaluation of Integral (S34)
We wish to evaluate
_ Lopl-g _
Pzl <mCe = [ [ B < g 0m Eela@fo(g)dads, (S161)
0 0
where
o _ m+1 _ _ _
P(Z. < zlg,a,m,C)e = Z(l—g+92)m+(1 g+ ga)"" (1= g+ m = gm = 62)

(1—-g)a(m+1)(m+2)
(1—g+gz+al—2)""r(1-g+m—gm—gz+a(—1—m+z+mz))
(1—-g)a(m+1)(m+2)

(S162)

We first determine the following using the fact that A follows distribution [0, 1]

/P(Zi < zlg,a,m,Cy)efa(a)da = /P(Zi < z|g,a,m,C)eda. (S163)
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The following constants simplify the expression:

A o= 1—g+gz, (S164)

Ao = z—1, (S165)

A3 = 1l—g+m—gm— gz, (S166)

A = —l—m+z+mz, (S167)
-1

As = (S168)

1—g)m+1)(m+2)
This gives

. m+1 m+1
/P(Zi <zlg,a,m,Ci)eda = / <z>\’1" — % + /\5/\3% + AsA (A + a/\2)m+1> da

m+1 \m+1—j j
= az\" — AsAsAT T log(a) + Ashs [ A7 log(a) + > s (A; + A2a)
j=1

A5 Aq 2
Tty M)

m+1 ym+1—j i
A A1+ Aoa)) AsA
= az\] +Ashs Y (jl + Aoa) Mni i 5

Jj=1

(A1 +X2a)™ 2, (S169)

where we have made use of the integral identity from Lemma S3.1. Evaluating over the domain of integration
gives

1—g L m+1 )\nz+1—jzj
/ P(Z. < zlg,a,m,Ci)eda = (1—g)zAT" + Ashs Z % — AP H(m 4+ 1)
0 =
AsAg (22 — N 2)

+

Aa(m +2) (S170)

Next, we calculate

1 pl—g s 1 1—g .
/ / P(Z. < z|g,a,m,Ci)efala)fc(g)dadg = / </ P(ZL < z|g, a,m,C1)sda) (2 —2g)dg.
0 0 0 0

(S171)
We integrate each additive term separately:
1
pimz) = [ 1=gr (220
1
= / 2(1 - 9)%2(1 - g+ g2)"dg
0
2224 mP (14 22+ m(—142)(—3+52) — 2z (3 -3z + 2*T")) (5172)

A+m)(2+m)(3+m)(—1+2)3
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! AT
P25 (m, Z) = / /\5/\37j (2 — QQ)dg
0

_ / 21— g+m—gm—gz)(1—g+ge)mH I
0 (m+1)(m+2)j
25 (j + (24 m)(=2+ 2) — jz)
J(=3+7—m)(—24+j57—m) A1 +m)(2+m)(—1+2)?
229 (—j(14+m)(=1+2) + 24+ m) (=1 +m(—1+ 2) + 22))
(=347 —m) (=24 —m) A +m)2+m)(—1+2)?

dg

1

palm2) = [ AN H 12~ 29)dg
_ /1 2H(m + (1 —g +m —gm —gz)(1 — g +92)"* |
0 (m+1)(m+ 2)
B _2H(m + 1) (=14+m(=142) + 224 (=2 + 2)z%"™)
N (14+m)(2+m)3+m)(—1+ z2)2 ’
1 LmE2 _ M2
o 2(-1-m+z+ mz)(z™t2 - (1 —-g+ gz)m+2)d
- (m+ 1) (m+2)2(—1 + 2) g
2 2z2tm 223t

With these terms, we have

m—41
P(ZL < 2lm,E,C1) = pi(m,2)+ D paj(m,z) + ps(m, z) + pa(m, 2).
=1
S3.3 Evaluation of Integral (S49)
The integral is
R— 1 —
]P)(Zi S Z‘macl)f = / g]P)(Zi S Z|gva7macl)EfG(g)dg7
0
where
z 7 m_ (1=2g+ (1= gJm)z>™
P(Z, < zlg,a,m,Ci)g = 2(1—g+g2)"

(1—9)2(1+m)(2+m)
(1—-g)(14+m)—gz)(l—g +gz)1+m.

+ 1= g2+ m)2+m)

For the first term in P(Z! < z|m,C1)z,

2z (1+m—3z—mz+ 22" (3 +m — (1 +m)z))
(1+m)2+m)(3+m)(—1+z2)3

1
/ gz(1 —g+g2)"(2 —2g9)dg = —
0

25

CLmPBLm(—112) C+mE  CrmPB+m)—i+z)

(S173)

(S174)

(S175)

(S176)

(S177)

(S178)

(S179)



To find the indefinite integral of the second term in P(Z. < z|m, C1)g, we use the substitution g =1 — e.

t/_2¢1—2g+<1—gmw%+md
(1-g)(1+m)(2+m)
/ 2(1 —e)(1—2(1—e)+em)zm*2
e(m+1)(m+2)
B / (=2 + 2e(m + 3) — 2e%(m + 2))2"+2
e(m+1)(m+2)

—2zm+2 2(m + 3)zm+? —2ez™+?
= de+ | —————————=de+ | ——de
e(m+1)(m+2) (m+1)(m+ 2) (m+1)
—2,m+2 2e(3 +m)zmt2  e2ymt2

- mﬂqu+2ﬂ%@HXm+1mn+a4(m+n'

€

de

(S180)

For the indefinite integral of the final term in P(Z! < z|m,C;)z, we again use the substitution g = 1 —e.

/ 9(A1=g)(1+m)— )(1—9+92)1+mdg
(179)(1+m)(2+m)

Ry

e(m+1)(m+2)

B / (22 —2e(14+m +22) — 2e2(=1 —m — 2))(z + e(1 — 2))mH!

B e(m+1)(m+2)

B 22(z +e(1 — z))m+t . —2(1+m+22)(z + e(1 — 2))m*! .

- / e(mt m+2) ° +/ (m+1)(m +2) d
—2e(—=1—m —2)(z+e(l — z))m*!

+/ (m+ 1)(m+2)

B 2z _— Al mt1—j (z+e(l—2))
= (m+1)(m+2)< "log(e) + ; j )

2(1+m+22)(z+e(l - z))mT2 ~2e(-1-m—2z)(z+e(l - z))mT2
(m+1)(m+2)3(1 - 2) (m+1)(m+2)%(1-2)
2(—=1—m—2)(z +e(l —z))m*3

(m+1)(m+2)2(m+3)(1—2)2"

de

de

(S181)
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Note that we have used the integral identity from Lemma S3.1. For the second and third terms, we have

/1 (((1 —9)(1+m)—g2)1—g+g)"™  (1-29+(1— g)m)22+m> 4
0

(1-9)2(1+m)(2+m) (1-9)2(1+m)(2+m)

B 2z jasy 2T (2 +e(1 - 2))! C2(1+m+22)(z+e(l — z))m+?
(m+1)(m+2) = J (m+1)(m+2)2%(1 —z)
C2e(-1-m—2)(z+e(l—2)""?  2(=1-—m—z)(z+e(l—2)"*

(m+1)(m+2)%2(1 - 2) (m+1)(m+2)2(m+3)(1—2)2
2e(3 +m)zmT2 e2ymt2 =0
(m+1)(m+2)  (m+1)]._,

-2z o gmtl- N 2z N 2(1+m+2)
(m+1)(m+2) j (m+1)(m+221A—-z2)  (m+1)(m+2)*(m+3)(1-2)?

(6 +2m)zm*2 2mt2 20 (m + 1)z t2 2(1 +m + 2z)zm*2

(m+1)(m+2) m+1 (m+)(m+2) m+1)(m+2)2(1-=2)
2(1+m + 2)zm+3

j=1

C(m A 1)(m+2)2(m+3)(1 - 2)? (S182)
Altogether,
_ _ 24+m o . m+1 mt1—j
P(Z! < 2m. Gy = 2 (1+m—32z—mz+22""(3+m (1+m)z)) 2 i
(L+m)(2+m)@3+m)(-1+2) (m+1)(m+2) =
2z 2(14+m+2) (6 + 2m) 2™ +2

Tt )m 12202 Tt Dm 122 m A1 —2°  (m+)(m+2)
22 2H(m + 1)2mt2 2(1+m + 22)2m "2
m+1 (m+1)(m+2) (m+1)(m+2)2(1-=z)

2(1+m+ z)zm*+3

C(mA+1)(m+2)2(m+3)(1 — 2)? (5183)

+
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