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Errata and comments (Darij Grinberg)

I have read three chapters of these notes: 1, 2 and 10, as well as sporadic pieces
of other chapters. Most of my comments on chapters 1 and 2 are nitpicks (these
seem to have undergone some thorough error hunting already); some are probably
misunderstandings on my side. I hope the comments on chapter 10 are more useful.

Chapter 1

e Proof of Theorem 1.3: At the beginning of the proof, it wouldn’t harm to
add something like this (hopefully you can express it more succinctly): “Note
that, for every vertex v € V, the value f (v) never increases during the course
of the algorithm; it can only stay constant or decrease. Besides, if u € V' is any
vertex, then the value f (u) does not change during the u-iteration (because we
cannot have f (u) > f (u) 41 (a) for any arc a). (Here, for any vertex p € V, the
p-iteration means the iteration of (3) in which the vertex p is chosen as u; this is
the iteration which results in the removal of u from U.) Consequently, if u € V' is
any vertex, then, immediately after the u-iteration, we have f (v) < f(u)+1(a)
for every a = (u,v) € A.” These statements are obvious, but they are tacitly
used below.

e Proof of Theorem 1.3: After “If i« > 0, then (as v;_; € V \ U)”, add “the
following inequality must have been valid directly after the v; j-iteration”. In
fact, it isn’t a priori clear that f (v;—1) < f(v;) + 1 (vi—1,v;) is true immediately
after the u-iteration, but it is immediately clear that f (v;_1) < f (v;)+1 (v;_1,v;)
is true immediately after the v;_;-iteration.

After (4), add the following sentence: “Since the value f (v;) never increases
during the course of the algorithm, this yields that f (v;) < dist (v;) also holds
immediately after the u-iteration.”

e Proof of Theorem 1.5: In footnote 3, replace “set” by “multiset”.

e Proof of Theorem 1.6: Replace “2i +1 < 757 < 2i4+2" by “2t < j <21+ 17.
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Also, replace “While ¢ > 0” by “While ¢ > 17, and replace “j := V 5 J” by

Y= EJ ”. (The indexing of your heap starts with 1, not with 0.)

e Proof of Theorem 1.8: In (13), replace “number of calls of make root =
decr (f (u))+decr (T')” by “number of calls of make root < decr (f (u))+decr (T')”.
In fact, while it is true that every call of make root immediately succeeds either a
decrease of some f (u) or a decrease of T', it can happen that T" decreases without
make root being called (namely, this happens if we delete a v minimizing f (u),
but this u happens to belong to T').
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e Proof of Theorem 1.8: You write: “since we increase 1" at most once after we
have decreased some f (u)”. I think this could better be replaced by “since we
increase T' at most once after each decrease of some f (u)”; otherwise it sounds
as if, once f(u) has been decreased for the first time, 7' can’t increase twice

anymore.

e Proof of Theorem 1.8: I don’t understand the steps of (14). Here is my
estimation for the number of calls of repair, with some explanations that hopefully
make it clear what I am doing:

First, let me make two conventions:

— When the set F' decreases by k arcs (for & > 1), we don’t consider this as one
decrease of F, but as k decreases of F.

— When a w minimizing f (u) is being deleted, the root u is lost but every child
of R becomes a root. We consider this as a decrease of R by 1 root followed by
an increase of R by k roots (where k is the number of children of u), but not as
an increase of R by k — 1 roots.

Here are the three possible ways how the algorithm can call repair:

- The algorithm calls repair when a vertex u minimizing f (u) and having at least
one child is being deleted; in this case, repair is being called k times (where k is
the number of children of u). The set F' decreases by k arcs (namely, the arcs
connecting the now-deleted vertex u to its children).E]

- The algorithm also can call repair from inside a repair subroutine. In this case,
repair is being called directly after a root has been grafted on another root; thus,
repair is being called directly after the set R of roots has decreased by 1 root
(because the root that has been grafted on another root is no longer a root after
this).

- The algorithm also can call repair from inside a make root subroutine. In this
case, repair is being called directly after an arc has been removed; thus, repair is
being called directly after the set F' of arcs has decreased by 1 arc.

There are no other circumstances under which repair can be called in the algo-
rithm. Thus, each calling of repair during the algorithm corresponds to a decrease

L Also, the set R (the set of roots) decreases by 1 root (the root u) and then increases by k roots,
but we don’t care about this.



of F or a decrease of R (although this is not a 1-to-1 correspondence). Thus,

(number of calls of repair)
< decr (R) +decr (F)
——
<incr(R)+p
<incr (R) + p + decr (F') = decr (F') + p + decr (F)

because every increase of the set R of roots immediately follows a decrease
of the set F' of arcs, and vice versa, so that incr (R) = decr (F)

= 2decr (F) +p
< 2(n (14 2logp) + (number of calls of make root)) + p

because the set F' of arcs decreases by at most 1 + 2log p elements every time we
delete a u minimizing f (u) (because we lose an arc for every child of u, and
by Theorem 1.7 we know that « has at most 1 4 2logp children), and decreases
by at most 1 element every time we call the make root subroutine, and decreases
never else, so we have
decr (F) < n (14 2logp)+ (number of calls of make root)

= 2n (1 + 2logp) + 2 (number of calls of make root) +p

<2m+p
(by (13))

< 2n (14 2logp) +2(2m + p) + p.

This is almost the same as what you get, except for an additional 2n addend.
Have I made any mistakes here?

Note that I don’t think we have (number of calls of repair) = decr (R) + decr (F)
all the time. In fact, when we delete a v minimizing f (u), and this u happens to
have no children, then R decreases (since we lose the root u) but we don’t call
repair.

Proof of Theorem 1.8: I don’t see what you mean by “deciding calling make
root or repair”. Don’t you just want to say “calling make root or repair”?

(Anyway, why does a call of make root or repair take time O (1) 7 Can we really
look up an arbitrary value of the function b or [ in O (1) time? And delete a
vertex from a linked list in O (1) time?)

Application 1.4: On page 16, replace “If activity j has been done after activity
17 by “If activity j has to be done after activity ¢”. Or am I misunderstanding
you?

Application 1.5: In (22), what do you mean by “the maximum liter price
in village Y” 7 Probably “the maximum liter price in village Y over all price
equilibria”?

Exercise 1.3: You use the word “distance” in two different meanings in this
exercise. (You use it to mean both the length of the direct route and the length
of the shortest path.)



e Proof of Theorem 1.12: A point that you miss in the analysis of the running
time of the Dijkstra-Prim algorithm (and also of the Dijkstra algorithm in the
proof of Corollary 1.8a) is the running time required to build the initial Fibonacci
heap at the start of the algorithm. This isn’t very difﬁcultﬂ and doesn’t take very
longﬂ so it doesn’t change the end result, but I think it should be mentioned.

e Paragraph on page 20 directly above Corollary 1.12a. Replace “Choose
an edge ex.1” by “Choose an edge ex,1 & {e1, €9, ..., ex}”. T know, this can hardly
be misunderstood either way, but for the sake of formal correctness I think the
change should be done.

e Exercise 1.9: It might help to point out that “forest” means “spanning forest”,
and |F| means the number of edges of F.

Chapter 2

e Second line of §2.1: Replace “with any two points in C” by “with any two
points x,y in C”.

e Between (1) and (2): Replace “A basic property of closed convex sets is” by
“A basic property of closed convex sets C' is”.

e Proof of Theorem 2.2: The Sufficiency part of this proof could be made a
bit easier to follow if you would replace “there exist points z and y in P such

1
that x # 2z # y and z = 2 (x +y)” by “there exist points z and y in P and a
A with 0 < A < 1such that x # z, y # z and z = Az + (1 — \) 37, and replace

43

(x — z) and ——— < 0”. No reason to

_ —_ _ _ 77b Uy - _
y—z=—(r—2)"by y—=z T

1—A
use midpoints here...

e Between the proof of Theorem 2.2 and Theorem 2.3: Some absolute nit-
picking: When you write “A, # A,/”, you actually mean “{i € {1,2,...,m} | a;z =0b;} #
{i €{1,2,....m} | a;z’ =0;}". (Though this is actually equivalent to A, # A/,
but the equivalence is not completely trivial.) Also, “collections of subrows of
A” should be “sets of rows of A” (since “collection” could be misunderstood to
mean “multiset”, and “subrow” is probably a typo for “row”).

e Proof of Theorem 2.4: You write: “To see the inclusion D in (25)”. You mean
(27), not (25).

e Proof of Theorem 2.4: Replace “c = pyi+--- psys” by “c = piyi+- -+ psys”

Y

(Actually, it would be better to write “c = > p;y,” instead of “c =y +--- +

J=1

2] think it is enough to start with a forest with no edges, and then call repair over and over again
until we get a Fibonacci forest. We can’t make use of the function b yet, but we can keep a list of
roots u with their values of d°%* (u), sorted by the size of d°% (u).

31 think it takes somewhere between O (]V|) and O (]V|log|V|) in Corollary 1.8a and somewhere
between O (|V]) and O (]V|log|V|) in Theorem 1.12, at least if you start the Dijkstra-Prim algorithm
with Uy = & and all f (v) = oo rather than with Uy = {v;}

4



S
psys” here, and similarly write “Y° p; = 1”7 instead of “uy +--- + ps = 17; in
j=1
fact, you use summation signs in the formula (28) below.)

e Convex cones: In (29), replace “A\jxy + -+ - May” by “Nxy + -+ + My

e Exercise 2.12: [ don’t see how to directly use the hint that you give to this
exercise. In my opinion, cone X needs not be closed.
Here is a sketch of my solution to Exercise 2.12:
Solution to Ezercise 2.12 (sketched):

=:Let P = {x € R* | Az < b} be apolyhedron, with A being an m xn matrix
and b being a vector in R”. We want to write P in the form @) 4+ C with ) being
a polytope and C being a finitely generated cone.

First of all, we can WLOG assume that Ker A = 0. [] Assume this.

Now, let x1, xs, ..., x; be the vertices of P. We claim that

A = conv.hull{zy,..,z;} + {xr e R" | Az <0}. (1)

Once is proven, it will clearly follow that P can be written in the form
Q + C with @ being a polytope and C being a finitely generated cone (because
conv . hull {zy, ..., x;} is a polytope, and because {z € R" | Ax <0} is a finitely
generated cone (according to Exercise 2.11)). Thus, in order to prove the =
direction of Exercise 2.12, we only need to establish .

To prove (1)), we need to show that
if z € A then z € conv.hull{zy,...,2;} + {x € R" | Az <0}. (2)

To show this, we proceed as in the proof of Theorem 2.3 (thus, by induction over
n — rank (A,)), with the following modification: The numbers

po :=max{u | z+ uce€ P} and v :=max{v | z—wvce P}

don’t necessarily both exist anymore, since P is no longer bounded. Thus, we
must be in one of the following cases:

Case 1: Both numbers py and vy exist. In this case, proceed exactly as in the
proof of Theorem 2.3.

4 Proof. Assume that Ker A # 0. Let V be a subspace of R™ which satisfies R” = (Ker A) @ V.
Let P = V N P. Then, P’ is a polyhedron in V. Moreover, it is easy to see that P = P’ + Ker A
(since every p € P and every w € Ker A satisfy p + w € P). By an induction, we can assume
that the = direction of Exercise 2.12 is already proven for the polyhedron P’ (because P’ lies in
a vector space of smaller dimension than R™, so we can do an induction over the dimension). In
other words, we can write P’ in the form Q' + C’ with Q" being a polytope in V' and C’ being a
finitely generated cone in V. Thus, P = P’ + Ker A becomes P = Q' + C’ + Ker A. Since Q' is a
polytope, while C’ + Ker A is a finitely generated cone (in fact, if we write C’ as cone {c1,ca,...,¢;}
for some points ¢1, ¢, ..., ¢;, and if we let (w1, wa, ..., w;) be a basis of the R-vector space Ker A, then
C’ 4+ Ker A = cone {cy, 2, ..., ¢;, w1, Wa, ..., w;, —W1, —Ws, ..., —w, }), this shows that P can be written
in the form @ + C with @ being a polytope and C being a finitely generated cone, ged.. In other
words, the case when Ker A = 0 has been reduced to a smaller case.



Case 2: The number p exists, but the number vy doesn’t. In this case, since vy
doesn’t exist, there exist arbitrarily large v € R satisfying z — vc € P. In other
words, there exist arbitrarily large v € R satisfying A (z — vc) < b. This quickly
yields that Ac > 0, hence A(—c) < 0, and thus —c € {z € R" | Ax <0},
so that —poc € {x € R | Az <0} (since pg > 0). Now, let z := z + pugc.
Then, rank (A,) > rank (A,) (this is proven as in the proof of Theorem 2.3), thus
z € conv.hull{zy,..,2:} + {xr € R* | Az <0} (by the induction hypothesis),
and thus

x + (—poc) € conv. hull {zq,...,2:} +{z € R" | Az <0} +  (—popc)
——
e{weR | Ax<0}
Cconv.hull{zy, ..z} +{x e R" | Az <0}+{zeR" | Az <0}
Q{wER;r\ Ax<0}
Cconv.hull{zy,....,2;} + {x € R" | Az <0}.

Since x + (—ppc) = x — poc = z (since © = z + ppc), this rewrites as
z € conv. hull{zy, ...z} + {x e R" | Az <0},

and this completes our induction step.

Case 3: The number 1y exists, but the number o doesn’t. This case is similar
to Case 2.

Case 4: Neither of the numbers ¢ and vy exists. In this case, since vy doesn’t
exist, there exist arbitrarily large v € R satisfying z — vc € P. In other words,
there exist arbitrarily large v € R satisfying A (z — v¢) < b. This quickly yields
that Ac > 0. Similarly, the non-existence of pg yields Ac < 0. From Ac > 0 and
Ac <0, it follows that Ac = 0, thus ¢ € Ker A = 0, contradicting ¢ # 0. Hence,
Case 4 cannot occur.

Altogether, in each case (except of Case 4 which cannot occur), we have shown
that z € conv. hull {z1, ..., z;}+{z € R" | Az <0}, so the induction is complete.
The = part of Exercise 2.12 is thus proven.

<—: Let P be a subset of R™ which can be written in the form P = @ + C with
@ being a polytope and C' being a finitely generated cone. We want to prove
that P is a polyhedron.

Write @ in the form @ = conv.hull{qi, ¢, ...,¢;}. Write C in the form C =

cone {cy, ¢a, ..., ¢; }. For any subset S of R” and any A € R, let ( i ) denote the

subset {( i > eR"™ | se S} of R"™!. Note that ( Ci? ) is a convex set and

0 is a convex cone. It is now easy to see that

()25 )omn{ (1) () (1)-(3)-(3)



1
2.11) an intersection of finitely many linear halfspaces. In particular, this yields

that cone ( @ ) + ( g ) is a polyhedron. Thus,

Thus, cone < @ ) + < g > is a finitely generated cone, hence (by Exercise

1

{:c € cone < 612 ) + ( g ) | (the (n+ 1)-th coordinate of x is 1)}

is also a polyhedron (because it is the intersection of the polyhedron cone ( Cf ) +

( (5 ) with an affine hyperplane). But since it is easy to see that

{x€cone< ?)—i— (%’) | (the (n+ 1)-th coordinate of x is 1)}: ( Q—;O>7

Q+C
1
dron. Since () + C' = P, this yields that P is a polyhedron. This solves the <—

direction of Exercise 2.12.

this yields that ) is a polyhedron. In other words, @) + C'is a polyhe-

This was a nontrivial proof, and your hint helped me only in the <= direction,

and even that wasn’t a simple application of the hint (since cone ( Ci? ) + ( g )

is not the same as your cone X). Did I misunderstand something?

e Exercise 2.13: You could add (for the sake of clarity) a remark that if C'is a
convex cone, then C* = {y e R | 2Ty <0 for each x € C}.

e Exercises to §2.2: I am somewhat surprised why you don’t have this exercise:

2.14a. Prove that:

(i) If P is a polyhedron in R™ and ¢ is a linear map R™ — R™, then ¢ (P) is a
polyhedron.

(ii) If P is a polytope in R™ and ¢ is a linear map R" — R™, then ¢ (P) is a
polytope.

(iii) If P is a polyhedron in R™ and ¢ is a linear map R™ — R”, then ¢~ (P) is
a polyhedron.

(iv) If P is a polyhedron in R", and @ is a polyhedron in R™, then P x @ is a
polyhedron in R™ x R™ & R™*™,

(v) If P is a polytope in R", and @ is a polytope in R, then P x @ is a polytope
in R" x R™ = R+,

(vi) If P and @ are two polyhedra in R", then P + @ and P N Q are polyhedra.

5To make this completely correct, we have to modify the definition of a cone so as to require that
any cone contains 0. The only difference that this makes is that @ no longer becomes a cone with this
modified definition, so that cone @ is no longer @ but rather 0.



(vii) If P and @ are two polytopes in R™, then P + @ and P N @ are polytopes.

(viii) If P and @ are two polyhedra in R™ and R™, respectively, then { f € Homg (R",R™) | f(P) C Q}
is a polyhedron in Homg (R™, R™) = R"*™,

(ix) If P and @ are two polytopes in R™ and R™, respectively, then conv. hull{p®¢q | p€ P, q € Q}
is a polytope in R” ®g R™ = R"*"™,

(This exercise can be easily solved using Exercise 2.12. Note that the analogue
of part (ix) for polyhedra doesn’t directly hold — see
http://mathoverflow.net/questions/115677 .)

e Proof of Corollary 2.5b: Replace “system of linear inequalities” by “system
of linear equations”.

e Proof of Corollary 2.5b: You write:

“According to Farkas’ lemma this implies that there exists a vector ( Z ) SO
that

(0 1)(0)=(0) (e a)( )<

In my opinion, you are going a bit too fast here[]
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e Geometric interpretation of the Duality theorem: On page 35, you write:
“Without loss of generality we may assume that the first £ rows of A belong to
the matrix A,+.” You are not very precise here. What you really want to assume
is that the first £ rows of A, and no others, belong to the matrix A,«.

e Proof of Corollary 2.6a: There is an alternative, simpler proof of Corollary
2.6a, which proceeds by applying Theorem 2.6 to n, m, —A?, —c and —b instead
of m, n, A, b and c. I am absolutely not suggesting that you should replace your
proof of Corollary 2.6a by this one, because your proof shows a deeper idea that

SHere is how I would argue (immediately after (38)):
“In other words, the following system of linear equations

(2 3) (3)-(5)

in the variables y and A has no nonnegative solution . According to Theorem 2.5, this implies

Yy
A
that there exists a vector < ; ) such that
T T T
z A D 0 z
>
G) (1) =(e) = (3)

N\ (A b\ 0
Consider this vector. Then, ( ’ ) ( 0 1 ) > ( 0 ) rewrites as (
T
z
1

c

]

_ o
N ——
= N N
=
SN—
\V
RS
oo
SN—

so that 4 > 0 and Az + by > 0. Also, < > ( > < 0 rewrites as ( c' s
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is used in solving the exercises, whereas my proof only shows the “idea” that min
and max can be interchanged at the cost of introducing some minus signs. But I
wouldn’t consider it a bad thing if you would demonstrate the idea that you use
for proving Corollary 2.6a on Exercise 2.23 rather than leaving it as an exercise for
the reader. In fact, it seems to me that most of the time when you apply linear
programming duality to combinatorial proofs in your text, you are not using
Theorem 2.6, but rather you are using Exercise 2.23, so it seems that Exercise
2.23 is the more relevant form of linear programming duality for combinatorics,
and deserves a better place than an exercise. But this is a subjective opinion of
mine.

Chapter 4

e Proof of Theorem 4.1: After “there exists for each ¢ € UU{v} a ¢ —T path”,
add cchn.

e Proof of Theorem 4.1: Replace “pairwise disjoint” by “pairwise vertex-disjoint”.

e §4.1: You write: “ They can be derived from the directed case by replacing each
undirected edge ww by two opposite arcs (u, w) and (w,u).”

This is not literally true — at least not for the directed arc-disjoint version of
Menger’s theorem (Corollary 4.1b). Indeed, the analogue of Corollary 4.1b for
undirected graphs does not directly from Corollary 4.1b. If G is an undirected
graph, and if D is the directed graph obtained from G by replacing each undi-
rected edge uw by two opposite arcs (u,w) and (w,u), then k arc-disjoint paths
in D need not directly “project down to” k edge-disjoint paths in G, because
it could happen that one of these paths uses an arc (u,w) while another uses
the opposite arc (w,u). There might well be a fix for this problem, but it is not
obvious to me.

e 84.3: Here you write: “Moreover, for the sake of exposition we assume that for
no arc (u,v), also (v,u) is an arc”.

[ understand why you make this assumption: It is needed for the flow augmenting
algorithm[] However, let me point out an alternative way to make the flow
augmenting algorithm work, without making this assumption:

Consider Case 1 in the flow augmenting algorithm.

For each i € {1,2,...,k}, we color the arc a; € Ay either in red or in blue (not
in both colors simultaneously), in such a way that the following holds:

— If a; is colored red, then a; € A and ¢ (a;) — f (a;) > 0 holds.
— If a; is colored blue, then a; ' € A and f (a; ') > 0 holds.

"Indeed, if you do not make this assumption, then it can happen that a single i € {1,2,...,k}
satisfies both (14) (i) and (14) (ii) at the same time; in this case, the definition of the o1,09,..., 0%
in (14) becomes ambiguous (because it gives two different (non-equivalent) definitions of o;), and the
definition (15) of the map f': A — R, fails to guarantee that f’ satisfies the flow conservation law.



(Such a coloring clearly exists, because for each i € {1,2,...,k}, at least one
of the statements (a; € A and ¢ (a;) — f (a;) > 0) and (a; ' € A and f (a;') > 0)
holds®| If only one of them holds, then the color of a; is thus uniquely determined;
but if both of them hold, it can be chosen at will. But we must choose it once
and consider it as fixed from then on.)

Now, the definition of the numbers o1, 09, ..., 0 has to be modified as follows:

o c(a;) — f(a;), if a; is colored red,;
O f (e, if a; is colored blue

7

) the o; from (14) (i), if a; is colored red;
the o; from (14) (ii), if a; is colored blue.

Furthermore, the definition of f': A — R, has to be modified as follows:

f(a)+ a, if aisan arc of P colored red,;
f'(a) =< f(a) —«, if a~!isan arc of P colored blue;

f(a), otherwise.

for each a € A.
It is not hard to see that this f" is indeed an s — ¢ flow under c.

This modification of the flow augmenting algorithm makes your assumption that
“for no arc (u,v), also (v,u) is an arc” unnecessary in §4.3. (However, this
assumption remains necessary for §4.6, where it is used (for example) in the
formula (35).)

e Proof of Theorem 4.4: There are some steps missing here (although not too
hard to fill in). You are claiming without proof that |a (Dy)| < |A| for each f.
In order to prove this, we need the following lemma:

Lemma 4.4b. Let D = (V, A) and s,t € V. Then, o (D) Na (D)™ = @.

This lemma is easy to check (you have essentially proven it inside the proof
of Proposition 3), but I think it should be stated explicitly. From this lemma
(applied to Dy instead of D), we can conclude that a (Dy) is a subset of AUA™?
having at most half the size of AU A™! (because it can never contain both a

1
and a~! for any given a € A); therefore its size is |a (Dy)| < 3 JAUATY =

1
Al =5 lAn A < 4],

Chapter 5

e Corollary 5.6¢c: The formula (31) would become clearer if you would replace
“UCV” by “U€ Poaa (V).

8This is because a; € Ay.
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Chapter 8

e §8.1: On page 133, replace “LP-problem” by “LP-problem” (there is no reason
to put “LP” in math mode here).

e Exercise 8.2: This is correct, but I am wondering whether the problem is as
difficult as it seems to me. Below is an outline of my solution, which you probably
should ignore due to its exorbitant length and ugliness; I have merely written it
up to convince myself that it is true (but I cannot say I am very much convinced).
Exercise 8.2 is surrounded by some of the easiest exercises I have seen in your
notes, including the Exercise 8.1 which is completely trivial (all that one needs
to do in that exercise is noticing that P is bounded and thus P N Z" is finite,
right?), so I am very surprised that Exercise 8.2 did not give in to most of my
attacks.

Before I sketch my solution, let me add a new exercise for Chapter 2:

2.6a. Let n € N. Let A and B be two subsets of R” such that A+ B C A. Prove
that
conv . hull A 4+ cone B = conv . hull A.

(I'm not claiming this exercise is interesting for its own sake, but I'll use it in my
solution.) The solution to Exercise 2.6a is really straightforward.

Solution to Exercise 8.2 (sketched):

The matrix A is rational. Thus, we can WLOG assume that A is integral (since
otherwise, we can multiply both A and b with the (positive) common denominator
of the fractions which occur in A). Assume this.

We can WLOG assume that b is an integer (else, just replace b by |b], and nothing
changes). Assume this.

We can rewrite the two directions of Exercise 2.12 as two lemmas:

Lemma Ul: Let B be a polyhedron in R™. Then, there exist a finite subset
@ of R™ an integer k£ € N and some vectors ci, ¢z, ..., ¢ in R™ such that
P = conv. hull @ + cone {cy, ca, ..., ek}

Lemma U2: Let Q be a polytope in R". Let € be a finitely generated convex
cone in R™. Then, Q + € is a polyhedron in R".

Now, let us define a couple of notions related to rational numbers.

(a) A subset H of Q™ will be called a Q-halfspace if there exist a vector ¢ € Q™
with ¢ # 0 and a § € Q such that H = {z € Q" | "z < §}.

(b) A Q-polyhedron in Q™ will mean an intersection of finitely many Q-halfspaces
in Q™.
(c) A subset C of Q" is called Q-convez if for all z and y in C' and any A € Q
satisfying 0 < A < 1, the vector Ax + (1 — \) y belongs to C.
(d) If X is a subset of Q", then the Q-convex hull of X will mean the subset
{)\11‘1 + )\21’2 + ...+ )\tht I t e N, L1, Ly ..., Ty € X, A17 )\27 vy )\t € Q,
>\1, )\2, ceuy )\t Z O7 )\1 -+ )\2 + ...+ >\t = 1}
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of Q". We denote this Q-convex hull by conv . hullg X. It is the smallest Q-convex
set which contains X as a subset.

(e) A subset C' of Q" is called a Q-convex cone if it satisfies 0 € C' and for any
re(CandyeC and any A € Q and p € Q such that A > 0 and p > 0, one has
A+ py € C.

(f) For any X C Q", we define coneg X to be the subset

{)\11‘1 + )\21’2 + ...+ )\tlEt | t e N, L1y XLy .y Ty € X, /\17/\27 ...,)\t € Q,
A Mgy s Ap > 0}

of Q™. It is the smallest Q-convex cone which contains X as a subset.

It is clear that these notions of a Q-halfspace, a Q-polyhedron, the QQ-convex
hull conv . hully X etc. are defined exactly in the same way as you defined the
notions of a halfspace, a polyhedron, the convex hull conv.hull X etc. (except
for minor differences in the wording of the definitions) but using Q as the ground

field instead of R.

You spent most of Chapter 2 discussing linear programming and polyhedra over
the field R. However, most results from Chapter 2 (more precisely, Theorem 2.2,
Theorem 2.3, Corollary 2.3a, Theorem 2.4, Theorem 2.5, Corollary 2.5a, Corollary
2.5b, Lemma 2.1, Theorem 2.6 and Corollary 2.6a, as well as most exercises) still
hold when the underlying field R is replaced by @ (or any other ordered field),
as long as the notions used therein (e. g., the notions of convexity, polytopes,
polyhedra, hyperplanes, etc.) are replaced by the corresponding notions which are
based on Q instead of R as the ground field (for example, the notion of a halfspace
must be replaced by the notion of a Q-halfspace, the notion of conv . hull X for a
set X C R"™ must be replaced by the notion of conv . hully X for a set X C Q",
etc.)f] In particular, Lemma U1l (being a consequence of Exercise 2.12) still
holds when the underlying field R is replaced by Q, as long as the appropriate
replacements are done. In other words, the following lemma holds:

Lemma US3: Let B be a Q-polyhedron in Q™. Then, there exist a finite subset
@ of Q", an integer £ € N and some vectors ci, ¢, ..., ¢ in Q" such that
B = conv . hullg Q) + coneg {c1, ¢, ..., ¢ }.

But now, let us get back to the solution of Exercise 8.2.

We know that A is integral and b is an integer. Thus,

P MQ'={z | Az<b}nQ"={zecQ" | Az <b}
={z | Az<b}

is a Q-polyhedron in Q™. Denote this Q-polyhedron by P’. Clearly,
/ n __ n n __ n
P NZ"=PNQ"NZ"=PNZ"

:Pan =7mn

Applied to P = P’, Lemma U3 yields that there exist a finite subset @ of Q", an
integer k € N and some vectors ¢y, g, ..., ¢ in Q" such that P’ = conv . hullg Q+

9That said, the proofs you give don’t necessarily work over Q...
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coneg {c1, Ca, ..., cx }. Consider this @, this k& and these ¢y, ¢, ..., ¢x. WLOG
assume that ¢y, co, ..., ¢x belong to Z™ (because otherwise, we can multiply the
vectors ¢y, Cg, ..., ¢ by their common denominator).

Let € = coneq {¢1, ¢2, ..., cx . Then, € is a finitely generated Q-convex cone.
Let 2 = conv. hullp Q. Then, 9 is a Q-polytope.

We have
P" = conv . hullg @ + coneg {c1, ¢z, ..., ¢} = Q + €.

-
=¢

-9

k
Let R be the subset > conv. hullg {0, ¢;} of Q" (where the sum sign is based on
=1

(2

k
the Minkowski sum of subsets of Q™). Then, Q + 8 =Q + > conv. hully {0, ¢; }

=1
is a sum of finitely many Q-polytopes, hence Q + R itself is a bounded set. Thus,
(Q + K) NZ" is a finite set.

From the definitions of 8 and €, it follows readily that & C €, so that
_ pl
Q+ K CQ+C¢=PF. (3)

ce

We will now prove that
conv. hull (P'NZ") = conv.hull (Q + K) NZ") + cone{c1, ¢, ...,cx ). (4)
(Note that, in this equation, we are again working over the ground field R, not

over Q, even if Q and K are defined over Q.)

Proof of ({]): Let x € P'NZ" be arbitrary. Then, x € P" and = € Z". Since
x € PP =+ €, there exist two elements ¢ € Q and ¢ € € such that x = ¢ + ¢.
Consider these ¢ and c.

Since ¢ € € = coneq {c1, Ca, ..., ¢4 }, there exists a k-tuple (A1, Ag, ..., Ag) of nonneg-

k
ative elements of Q such that ¢ = > A\;¢;. Consider this k-tuple (A1, Ag, ..., Ag).
i=1

We have

k
:;L)\chi—}-z i — i) e

=1 €conv . hullg{0,¢;}
(since A;—[ ;] €[0,1])

k k k
€ Z | A\i] i + Z conv . hullg {0, ¢;} = Z |Ai] ¢ + 8,
i=1 i=1 i=1
—%
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T = + c €EN+ e+ R= Al +Q+ R
q < E ;lLJ

€ ed [ Ni]at+8

i=1

Hence,

k
x—ZMJqGQ—i—ﬁ.
i=1

Combined with

k k

x Z)\j ¢ €L — ZZ yARSWAS
czn =1 GZ EZ" =1

this yields

x—ZLA ¢ € (Q+K)NZ"Cconv.hull (Q+ K)NZ").

But every i € {1,2, ..., k} satisfies A; > 0 and thus |\;| > 0. Hence,

k
Z | ¢i € cone{cy,ca,...,c}.

Now,

— <x_zwc¢>+ ZWCZ’

=1
v~ v~

cconv . hull((Q+K)NZ™)  €cone{ci,c2,...,ck}
€ conv. hull (Q + &) NZ") + cone{cy, 2, ...,k } -

Now forget that we fixed x. We thus have proven that every z € P’ NZ" satisfies
x € conv. hull (Q + &) N Z™) + cone {cy, ca, ..., ¢ }. In other words,

P'NZ" C conv.hull ((Q+ &) NZ") + cone {cy, ¢, ...,k } . (5)
Since set conv . hull ((Q + K) NZ") 4 cone {cy, ca, ..., ¢ } is convex, this yields

conv . hull (P'NZ") C conv.hull ((Q + K) NZ") 4 cone{ci, ¢2, ...,cx}.  (6)

We will now prove that

conv . hull ((Q + 8) NZ") + cone{cy, ¢, ...,cx} € conv.hull (P'NZ"). (7)

14



Indeed, let us set A = P'NZ" and B = {c1, o, ...,c}. Then, it is very easy to
see that A +8B C A H Thus, Exercise 2.6a (applied to 2 and 95 instead of A
and B) yields that

conv . hull A + cone B = conv . hull 2.

Now,

conv.hull | (Q 4+ K) NZ" | + cone{cy,ca, ..., }
—— ~————

cp =B
(by ()
C conv. hull (P NZ"™) + coneB = conv . hull A + cone B = conv . hull _2A
; piAzr
-9 =

= conv.hull(P'NZ").
This proves .
Combining @ with @, we obtain
conv . hull (P' NZ") = conv . hull (Q + K) N Z") + cone {cy, 2, ..., i } -

Thus, (4] is proven.
Since P'NZ" = PNZ", we can rewrite as

conv. hull (PNZ") = conv.hull (Q + K) NZ") 4+ cone{cy,co, .oy} (8)
Notice that conv.hull ((Q + &) NZ") is a polytope (since (Q + K) NZ" is a fi-
nite set) and that cone {cy, ca, ..., ¢} is a finitely generated convex cone. There-
fore, Lemma U2 (applied to conv.hull ((Q + &) NZ") and cone{cy,co, ...,k }
instead of Q and €) yields that conv.hull ((Q + &) NZ") + cone{cy, ¢, ..., i }
is a polyhedron in R". Since conv.hull ((Q + K) NZ") + cone{cy, co, ...,k } =

conv.hull (PNZ") (by (8)), this rewrites as follows: conv.hull(PNZ") is a
polyhedron in R"™. This solves Exercise 8.2.

e Exercise 8.5: Replace “P” by “P = {z | Az <b}".
e Exercise 8.16: In (43), add a plus sign before “\,,P,,”.

e Exercise 8.16: After “A matrix M”, add “with nonnegative entries”.

10 Proof. Let & € A+ B. Then, there exist a € 2 and 3 € B such that ¢ = a + 3. Consider these a
and f.

Since « € A = PPNZ" CZ" and € B = {c1,¢2,...,cx} T Z" (since ¢, ca, ..., ¢ belong
to Z™), we have a + 8 € Z" + Z™ C Z™. Thus, £ = a+ € Z". On the other hand, from
aceA=PNZ"CP =Q+Cand f€B={c1,ca,..,ck} C coneg{ci,ca,....,cx} = €, we obtain

a+pfe(Q+)+C=Q+ C+¢ cQ+e¢="r.
——
ce
(since € is a cone)
Thus, £ = a+ 8 € P’. Combined with £ € Z", this yields £ € P’ NZ™ = 2.
Now, forget that we fixed £. We thus have proven that every £ € 2 4 B satisfies £ € 2. In other
words, A + B C 2, ged.
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Chapter 9

§9.1: In the condition (5), it wouldn’t harm to state that the demand of the arc
(si,t;) should be understood as d;. (You only ever refer to the dy, da, ..., dj as
’"demands’, never actually linking them to the arcs (s1,t1), (S2,%2), -y (Sk,tk)-)

Proof of Theorem 9.1: On page 153, you write: “for any x € R4”. 1 assume
the “R” should be an “R” here.

Proof of Theorem 9.1: On page 153, you write: “This can be seen by extending
the undirected graph G by adding two new vertices s’ and ¢’ and four new edges
{s',s1}, {t1,t'} (both with capacity dy) and {¢', s}, {t2,t'} (both with capacity
dy) as in Figure 9.3.” I am not convinced that it’s really an undirected graph
that you want here; first of all, I don’t remember you ever formulating the max-
flow-min-cut theorem for undirected graphs; moreover, I do think you want the
edges {s',s1}, {t1,t'}, {5, s2}, {t2,t'} to be directed. So I would rather write:

“To see this, we define the directed double cover G of G as the directed graph
obtained from G by replacing every edge {v,w} of G by two arcs (v,w) and
(w,v). Extend this directed graph G by adding two new vertices s’ and ¢ and
four new arcs (s, s1), (t1,t') (both with capacity dy) and (¢, s2), (t2,t") (both
with capacity ds) as in Figure 9.3.”

(Figure 9.3 now should have arrows on the four new arcs, and a G in lieu of G )

Proof of Theorem 9.1: On page 154, you write: “To see this we extend G
with vertices s” and t” and edges {s”,s1}, {t1,t"} (both with capacity d;) and
{s",ta}, {s2,t"} (both with capacity dy) (cf. Figure 9.4).”

Similarly to the my previous comment on this proof, this should be replaced by:

“To see this we extend the directed graph G by adding two vertices s” and t”
and four arcs (s”,s1), (t1,t"”) (both with capacity dy) and (s”,t3), (s2,t”) (both
with capacity ds) (cf. Figure 9.4).”

(Figure 9.4 also needs arrows on the four new arcs, and a G in lieu of G.)

1
Proof of Theorem 9.2: On the last line of this proof, in “xy = 3 (xf —a”)7,

the ” should be a mathmode ”.

Proof of Theorem 9.3: On the second line of page 158, replace “vy ;, # sy#”
by “Ui’,ji/ 7& ti’”.

§9.6: On page 169, you write: “Since for each fixed ¢ = 1, ..., k, a solution z; to
(43) is an s; —t; flow, we can decompose x; as a nonnegative combination of s; —¢;
paths.” Why? (I don’t think a flow can be literally decomposed into paths; what
I think can be done is decomposing a s; — t; flow as a nonnegative combination
of s; — t; paths plus a nonnegative circulation. I guess you're throwing out the
circulation since it does not change the value of the flow nor does subtracting it
break the capacity constraints.)

§9.6: In (44) (i), replace “x; (e)” by “z; (e)”.
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Chapter 10

Definition of “basis” on page 174: You write: “That is, for any set Z € 7
with B C Z C Y one has Z = B”. Maybe it would be better to clarify this,
e. g., as follows: “That is, B is a basis if and only if for any set Z € Z with
BCZCY onehas Z7 =B".

Description of the greedy algorithm on page 174: You write: “We stop if
no y satisfying (5)(i) exist, that is, if {y1,...,yx} is a basis.” I would add here:
“Then, we output {yi, ..., yx}.”

Exercise 10.2: You use the notion “circuit” here, but you don’t define it until
§10.2.

§10.2: On page 176, replace “minimimal” by “minimal”.

§10.2: On page 176, you write: “Finally, r arises in this way if and only if

@) @)r(@) =0,
i)if ZCY C X thenr(Z) <r(Y).

This claim is wrong. Fortunately, you only use the “only if” direction, which
is correct indeed (and trivial). The “if” direction can be easily refuted, e. g.,
by the counterexample 7 (Y) = max (0, |Y| — 1) (where X is any finite set with
at least two elements). Fortunately, if we add the condition (10) to (9)(i) and
(9)(ii), then any r satisfying these three conditions must indeed arise by (8) from
a nonempty down-monotone collection Z of subsets of X (and, in fact, from a
matroid (X,Z)). But without (10), the Z needs not exist.

§10.2: In the footnote ?2 on page 176, it would be better to replace “no two of
which are contained in each other” by “none of which is contained in another”
(or else it sounds as if no two sets can be mutually contained in each other at
the same time, i. e., no two sets can be equal).

Proof of Theorem 10.2: In the proof of the (iii)==(i) implication, replace

“(B'\ {y}) U{x}” by “(B'\{y}) U{z} € B”.

Proof of Theorem 10.2: In the proof of the (iv)==(i) implication, replace
“choose y € F'\ F'"” by “choose x € F'\ F'”.

Proof of Theorem 10.2: In the proof of the (i)==-(vi) implication, replace
“FCFCYUZ by “FCF CYUZ".

Proof of Theorem 10.2: In the proof of the (vi)==(i) implication, replace
“re FP\ FUU” by “c € F'\ (FUU)” (for the sake of disambiguation of the
ambiguous expression F'\ FUU).

§10.2, definition of “basis”: On page 178, replace “any in B is called a basis”
by “any set in B is called a basis”.
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§10.2, example for contraction: On page 179, you use the notion of the “cycle
matroid”, but you only define these words in §10.3 (although the cycle matroid
itself, without its name, already appears in §10.1).

Exercise 10.4: Here you use the notions of graphic and cographic matroids;
these notions are not defined until §10.3.

Exercise 10.6: I guess you can just as well add the following exercise somewhere
here:

If (X,7) and (Y, J) are two matroids such that XNY = &, then (X UY,{U UV |
is also a matroid.

(This, of course, is a particular case of Exercise 10.27 (iii).)

Exercise 10.7: You have never defined what a “loop” is. (A loop of a matroid
(X,Z) is an element = € X such that {z} ¢ 7.)

Exercise 10.7: In part (iii) of this exercise, replace “Y C X” by Y C X\ {z}”.

Exercise 10.8: This exercise has no (i) part but two (ii) parts. (I assume the
first (ii) part should be (i).)

Exercise 10.7-10.8: I am somewhat surprised about the order in which you
give these exercises. In my opinion, it is easiest to first solve Exercise 10.8 (ii)
(by repeated application of Theorem 10.3), then conclude Theorem 10.8 (i) (since
any subsets B, Y and U of X such that BCY C X and U C X \ Y satisfy

TM(UUY)—T‘M(Y)ST’M(UUB)—T’M(B)

(by (10), applied to U U B and Y instead of Y and 7)), and then derive Exercise
10.7.

Exercise 10.9: I would add to this exercise the condition that “Y' N Z = &”
(otherwise, the statement of the exercise doesn’t make much sense).

§10.3, I: T would add somewhere in the definition of graphic matroids (or in Sec-
tion 10.1) that the graph G is allowed to have double edges (otherwise, Exercise
10.11 would be wrong) and loops (else, Exercise 10.18 would sound strange :) ).

§10.3, II: Replace the period at the end of (19) by a comma.

§10.3, II: Replace “where, for each graph H, let x(H)” by “where, for each
graph H, we let x (H)”.

§10.3, II: Replace “By definition, a subset C' of F is a circuit of M* (G) if” by
“By definition, a subset C' of E' is a circuit of M* (G) if and only if”.

§10.3, III: On page 181, you write: “Note that the rank rj; (Y') of any subset
Y of X is equal to the rank of the matrix formed by the columns indexed by Y.”
Either replace M by (X,Z) here, or define M to be (X,Z).

18
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§10.3, IV: On page 181, replace “A set Y = {yi,...,yn} is called a partial
transversal” by “A set Y = {y1, ..., yn} (with 41, ..., y, pairwise distinct) is called
a partial transversal” .

Proof of Theorem 10.5: On page 182, replace “Let N and N’ denote the
edges” by “Let N and N’ denote the sets of edges”.

Exercise 10.12: I think “M = (V,Z)” should be “M = (X,Z)” here.

e Exercise 10.13: Replace “F” by “E” (or by “(V, E)”) here.

Proof of Lemma 10.1: You write:

“By Kénig’s matching theorem there exist a subset S of Y\ Z and a subset S” of
Z \'Y such that for each edge {y, z} of H (M,Y") satisfying z € S” one has y € S
and such that |S| < |S’|.”

There are a few things that I'd like to change about this sentence.

First, “for each edge {y,z} of H (M,Y)” should be “for each edge {y,z} of
H”, where H should be defined (probably before this sentence) as the induced
subgraph of H (M,Y’) on the vertex set Y A Z.

Second, while your claim indeed can be derived from Koénig’s matching theorem,
it is easier to conclude it from Hall’s marriage theorem. (Hall’s marriage theorem
and Konig’s matching theorem are known to be equivalent, but your claim is
closer to Hall’s than to Ko6nig’s.)

Third, it would probably better to explain which bipartite graph you are applying
K6nig’s matching theorem (or Hall’s marriage theorem) to. You are applying it
to the bipartite graph H that I defined above.

e Proof of Lemma 10.1: Replace “for some x ¢ S” by “for some z € (Y \ Z)\S”
(because just having = ¢ S is not enough for what you want to do). Maybe it
would also be useful to explain why U = (Y \ {z})U{z} for some z € (Y \ Z)\S.
[

" The explanation isn’t very long:
Wehave T= (Y NZ)U S U{z} CYUYU{z} =Y U{z} and therefore U C T UY C
N AN —— <~
cy CY\ZCY =Y CyYu{z}
Y U{z}UY =Y U{z}. Since |U| = |Y|, this yields that U = (Y U {z}) \ {¢t} for some ¢t € Y U {z}.
We will now show that ¢t € (Y \ Z)\ S and that U = (Y \ {t}) U {z}.
Since t ¢ (Y U{z})\{t} =U and T' C U, we have t ¢ T. Combined with t € Y U {z}, this yields

€(YUH\T = (¥ \T)U ({3 T) _Y\ T cy\(¥nz)us)
—— ~—
— =(YNZ)usSu{z}
(since ze{z}C(YNZ)USU{z}=T) 2(Ynz)us
=\ Nn2zZ)\S=F¥\2)\S5
—Y\Z

Also, since t ¢ T but z € {z} C (Y NZ)USU{z} =T, we have t # z, so that (Y \ {t}) U {z} =
(Y U\ {1} =U.

Thus, we have proven t € (Y \ Z) \ S and that U = (Y \ {t}) U{z}. Hence, U = (Y \ {z}) U {z}
for some z € (Y \ Z) \ S (namely, for z = t), qged.

I guess you can simplify this proof further.
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e Proof of Lemma 10.2: You write:

“By the unicity of N there exists an edge {y,z} € N, with y € Y \ Z and
z € Z\ 'Y, with the property that there is no 2’ € Z \ Y such that 2’ # z and
{y,7'} is an edge of H (M,Y).”

How do you prove this?E

e Proof of Lemma 10.2: You write:

“There exists an S € Z such that 2’ \ {y} €S C (Y \ {y})U{z} and |S| = |Y|
(since (Y\{y}H)UZ = (Y \{y})U{z}UZ and since (Y \ {y}) U{z} belongs to
I).”

There seems to be a typo in this sentence (the equality (Y \ {y})UZ = (Y \ {y})U
{z} U Z" does not hold, since y belongs to the right hand side but not to the left
hand side), but more importantly I find this sentence too compressedﬁ

12The only proof I see requires a lemma from graph theory:

Lemma 10.2a. Let G be a bipartite graph with the two parts A and B (this means that the sets
A and B are disjoint, their union is the set of all vertices of G, and every edge of G connects a vertex
in A with a vertex in B). Assume that G has a perfect matching from A to B. Then, there exists a
vertex v € A such that for every edge e of G satisfying v € e, there exists a perfect matching of G
which contains the edge e.

Lemma 10.2a seems to be folklore, although I can’t find a good reference for it. Two proofs of
Lemma 10.2a have been given at
http://www.artofproblemsolving.com/Forum/viewtopic.php?f=42&t=289103 .

We will need the following corollary of Lemma 10.2a:

Corollary 10.2b. Let G be a bipartite graph with the two parts A and B (this means that the
sets A and B are disjoint, their union is the set of all vertices of G, and every edge of G connects a
vertex in A with a vertex in B). Assume that G has a unique perfect matching from A to B. Then,
there exists a vertex v € A which has exactly one neighbor in G.

Corollary 10.2b follows very quickly from Lemma 10.2a.

Now, let us prove that (in the proof of Lemma 10.2) there exists an edge {y,z} € N, withy € Y\ Z
and z € Z\Y, with the property that there is no 2z’ € Z\ Y such that 2’ # z and {y, 2’} is an edge of
H (M,Y). In fact, let H be the induced subgraph of H (M,Y) on the vertex set Y A Z. Then (by the
conditions of Lemma 10.2) the bipartite graph H has a unique perfect matching. Hence, Corollary
10.2b (applied to H, Y \ Z and Z \ Y) yields that there exists a vertex v € Y \ Z which has exactly
one neighbor in H. Let y be this v. Then, y has exactly one neighbor in H. Since N is a perfect
matching of H (by the conditions of Lemma 10.2), there exists an edge {y,z} € N with z € Z\ Y. If
there would be a 2/ € Z\'Y such that 2’ # z and {y, 2’} is an edge of H (M,Y), then y would have at
least two neighbors in H (namely, z and z’), which would contradict the fact that y has exactly one
neighbor in H. Hence, there is no 2/ € Z \ Y such that 2z’ # z and {y, 2’} is an edge of H (M,Y).

We thus have proven that there exists an edge {y,z2} € N, withy € Y\ Z and z € Z\ Y, with the
property that there is no 2’ € Z\ Y such that 2’ # z and {y, 2’} is an edge of H (M,Y).

131 would replace this sentence by the following paragraph (which is probably too detailed):

Since {y, z} is an edge of H (M,Y"), we have (Y \ {y})U{z} € Z. Combined with Z’\ {y} € T (since
7' € T), this yields that there exists an S € Z such that Z'\ {y} € S C (Z'\ {yH U (Y \ {y}) U{z})
and |S| = |(Y \ {y}) U {z}| (by the axioms of a matroid). Consider this S. We have

S C Zo My u\{ghu{zh) = (2N =D u{gh) \yh v\ {yh u{zh)

=(Z\{zHu{y} cz\{z}Cz
CzZzu\{yhu{zt=F\{ghu Z2u{z} =¥ \{yhuZz
=z
(since z€Z)
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e Proof of Lemma 10.2: You write: “Assuming Z ¢ Z, we know z ¢ S”. Why
we have z ¢ S took me quite a while to realize; I wish you would spend some
more words explaining this.E

e Proof of Lemma 10.2: You write: “and hence r (Y U Z')\ {y}) = |Y]".
Again, why is this true?

This time, I actually don’t think it is true (although I don’t have a counterexam-
ple). What is definitely true is that » (Y U Z’) \ {y}) > |Y| (and this is all we
need later). Actually, I wouldn’t even speak about r (Y U Z’) \ {y}), but instead
just say that S C (YU Z')\ {y} [F] And this is all that we need to prove that
there exists an 2’ € 2"\ Y such that (Y \ {y}) U {z'} belongs to Z. [[f

e Exercise 10.20: In part (i), replace “to X’ := (Z\ 0 (y)) U {y} and X" :=
(Z\0(y)) U (Y \{y})” by “to the sets X' := (Z\0(y)) U {y} and X" :=
(Z\0(y))U (Y \{y}) in lieu of Y and Z7.

e Example 10.5c: It might be useful to say here that the “underlying undirected
graph” is not to be understood as a graph in the usual sense (e. g., as a pair (V, E)
with E being a collection of 2-element sets of V'), but it must be implemented as
an “edge-aware” graph.

Here, by an edge-aware graph, I mean a triple (V, E,end) with V' and E being
two sets, and end : ' — Py (V') being a map. (If we allow loops, then end should
be a map E — Py (V) U Py (V) instead of a map E — Py (V).) The elements of
V are called the vertices of the edge-aware graph (V) E,end). The elements of
E are called the edges of the edge-aware graph (V) E,end). If e is an edge of an

and |S] = [(Y\{gp)U{z} = (Y[-D)+1=[Y]

MFor what it’s worth, here is my argument:

We have Z # S (since Z ¢ T but S € 7). Assume that z € S. Then, {z} C S. On the other hand,
since 2 = (Z\ {z}) U{y}, we have Z'\ {y} = ((Z\ {z}) U{y}) \ {y} = Z\ {2} (since y ¢ Z\ {z}),
thus (Z'\ {y}) U{z} = (Z\ {z}) U{z} = Z (since z € Z). Hence, Z = (Z'\ {y}) U {z} C S (since
Z'\{y} C S and {z} C S). Combined with |Z| = |Y| = |S], this yields Z = S, contradicting Z # S.
Hence, our assumption (that z € S) was wrong. Thus, z ¢ S.

5hecause combining S C (Y \ {y}) U Z and 2 ¢ S, we get

S\ {yHUu2)\{z} = (Y \ {g}h) \ {zh)U(Z\{z}) € (Y \ {y}U (Z\{z})
SY\{y} =((Z\{=hH{y)\{v}

(since y¢Z, thus y¢Z\{z})
=¥ \{yhHu (((Z \{z}) U{y})\ {y}) =Y\ {ghHu(Z'\{y}) =Y UZ)\{y}
T

161n fact, the existence of this 2’ can now be shown as follows: We have Y \ {y} € Z (since Y € 7)
and S € Z and [Y \ {y}| =|Y| -1 < |Y]| =|S|. Thus, there must exist a w € S\ (Y \ {y}) such that
(Y'\ {y}) U{w} belongs to Z (by the axioms of a matroid). Consider this w. We have

we S N\ {yh) S((VUZ)\{wH\ (¥ \{y})
C(YuZ\{v}
C(YUZ)\Y =2"\Y.

Thus, there exists an 2z’ € Z'\ 'Y such that (Y \ {y}) U {7’} belongs to Z (namely, 2’ = w).
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edge-aware graph (V) E,end), then the elements of end e are called the endpoints
of e and are said to lie on e (or belong to e).

Given an edge-aware graph (V) F, end), we can canonically obtain a graph in the
usual sense (namely, (V,end (E))), but by doing this, we are losing some informa-
tion (namely, we are losing the “labeling” of the edges and their multiplicities).
Even the multigraph (V, (multiset image of E under end)) contains less informa-
tion than the edge-aware graph (V, E, end) since equal elements in a multiset are
indistinguishable.

So, when D = (V, A) is a directed graph, I define the underlying undirected graph
of D as the edge-aware graph (V| A, end), where the map end : A — V' is defined
by

(end (a) = {the source and the sink of a} for every a € A).

This makes your example correct. If we would define the underlying undirected
graph of D as a graph, or even a multigraph, in the usual sense, then its set (or
multiset) of edges would not in general be A (at best, it would be a multiset with
the same cardinality as A, but we cannot define a matroid on a multiset).

e §10.5, directly after Example 10.5d: You write: “In this section we describe
an algorithm for finding a maximum-cardinality common independent sets in two
given matroids.” Replace “sets” by “set” here.

e §10.5, Case 2 in the description of the algorithm: Replace “vertex vertex”
by “vertex”.

e Proof of Theorem 10.6: You write: “and that, as (Y'\ {y}) N X; = &,
ra (YUY A\ {yo}) = Y]

I think neither the claim that (Y \ {yo})NX1 = @ nor the claim that rp;, (Y UY")\ {yo}) =
Y| is very obvious|!]

1"Let me give my proofs for these claims, though I can bet you have shorter ones:
Proof of (Y'\{yo})N X1 = @: Let £ € (Y'\ {yo}) N X1 be arbitrary. Then, £ € Y’ \ {yo} and
¢ € X;. Clearly,

5 € Y’ \ {yO} c (Y U {yanlv 7ym}) \ {yO}

since (25) yields Y/ = (Y \ {21, 22, -, 2m }) U{%0, Y1, -, Ym } S Y U {¥0, Y1, - Ym

cYy

=Y\ {wo) U{wo,y1,-,¥m} \ {%0})
Yy ={y1,92,--,Ym}
cYu {ylvaa e ym} .

But £ € X; C X \Y,sothat £ ¢Y. Combining & € Y U{y1,y2,..., ym} with £ ¢ Y, we obtain

g S (Y U {ylvaa ayM}) \Y g {yhy?v 7ym} .

Thus, there exists a j € {1,2,...,m} such that £ = y;. Consider this j. Then, y; = £ € X;. Hence, by
taking the segment of the path P beginning with the vertex y; and ending with the vertex y,, (the
last vertex of P), we get a path from some vertex in X; to some vertex in X5 (since y,,, € X3). But
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e Proof of Theorem 10.7: You write:

“In the second alternative, (y,x) is an arc of H (M, Ms,Y") entering U. This
contradicts the definition of U (as y ¢ U and z € U).”

I think this should rather be:

“In the second alternative, (y,x) is an arc of H (M, My, Y') entering U (asy ¢ U
and x € U). This contradicts the definition of U.”

e Proof of Theorem 10.7: You write:
“Similarly we have that ry, (X \U) = |Y \ U|.”

I wish to see some more details on what the “Similarly” here means[[¥]

e Between the proof of Theorem 10.7 and Theorem 10.8: You write: “The
algorithm clearly has polynomially bounded running time, since we can construct
the auxiliary directed graph H (M, M5,Y) and find the path P (if it exists), in
polynomial time.” The second comma in this sentence makes no sense.

e Proof of Theorem 10.9: Maybe worth noticing: When you say “the algorithm”
in this proof, you don’t literally mean the cardinality common independent set
augmenting algorithm, but you mean the algorithm “set Y := &, and apply re-
peatedly the cardinality common independent set augmenting algorithm, replac-
ing Y by Y’ after each finished iteration, until the algorithm no longer outputs a
Y/77 .

e Exercise 10.23: For the sake of precision, it would be better to replace “be
subsets” by “be sequences of subsets”.

this new path is shorter than P. This contradicts the fact that P was chosen to be a shortest path
from some vertex in X7 to some vertex in Xs.

Now, forget that we fixed £. We thus have proven that every £ € (Y'\ {yo}) N X1 satisfies a
contradiction. In other words, there exists no £ € (Y’ \ {yo}) N X;. Thus, (Y'\ {yo}) N X1 = @, qed.

Proof of rar, (Y UY")\{yo}) = |Y|: We have yo ¢ Y (since yo € X \Y). Since Y € Z; and
YCYUY)\{yo} (because Y CY UY’ and yo ¢ V), we have rpr, (Y UY)\ {vo}) > |Y].

Assume now that rp, (Y UY')\{yo}) > |Y]. Since Y € Z; and Y C (YUY’)\ {yo}, this yields
that there exists some n € (Y UY")\ {yo}) \ Y such that Y U {n} € Z;. Consider this 7.

We have

e (YUY \ {goh \Y = (Y UY)\Y)\ {0} €Y'\ (g0}

cy
On the other hand, n € (Y UY")\ {yw})\Y C X \Y and Y U {n} € Iy, so that n € X; (by the
cx

definition of X7). Combining n € Y\ {yo} with n € X3, we obtain n € (Y’ \ {yo}) N X1 = &, which
is absurd. Thus, we have obtained a contradiction. This contradiction shows that our assumption
(that rpn (YUY)\ {yo}) > |Y|) was wrong. Hence, rpr, (Y UY")\ {y0}) < |Y]. Combined with
ra, (Y UY")\ {go}) > |1, this yields rar, (V UY")\ {go}) = [¥', qed.

18Here is what I think it means: We know that U O X, and U N X; = @. In other words,
X\U D2 X and (X \U)NX,; = @. Hence, the same argument that we used to prove (27) can be
modified to become a proof of rp, (X \U) = |Y N (X \ U)|. (The modifications necessary to obtain a
proof rar, (X \U) = |Y N (X \ U)| are very simple: Replace every appearance of U by X \ U; replace
every appearance of X; by Xs; replace every appearance of My by Ms; replace every appearance of
7, by Iy; replace every appearance of (y,z) by (z,y).)

Thus, we have shown that ra, (X \U) = Y N (X \U)|. Since Y N (X \U) =Y \ U, this rewrites
as ry, (X\U) =Y \U|.
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Exercise 10.31: In part (i), replace “k (rps (X) — 72 (U)) > | X \ U|” by “k (rar (X) — rar (U))

XA U]
Exercise 10.32: Replace “into ¢ classes” by “into ¢ nonempty classes”.

Exercise 10.34: Replace “Y; U Z; U Zy” by “Y1 U Z,”. Also, why do you require
B and B’ to be disjoint? The problem would still be true if you didn’t (and the
solution wouldn’t be much harder: one can WLOG assume that By N By = @ by
means of contracting By N By).

Exercise 10.35: First, I would prefer to see a definition of what b (U) means in
this exercise. (Namely, b(U) := > b(u) for every U C V)
uelU

Second, I think this exercise needs the additional requirement that b (v) > 0 for
every v € V. (From a look at Exercise 4.5 I am pretty sure that you define Z, as
{0,1,2,...} rather than as {1,2,3, ...}, so this requirement is not a tautology. By
the way, what do you think about explicitly defining your Z, at the beginning
of the notes?) I think a counterexample to the claim of this exercise without the
requirement that b(v) > 0 for every v € V would be the following pair (G, b):
The graph G consists of three vertices x, y and z with edges xz and yz, and the
function b is given by b(z) =b(y) =1 and b(2) = 0.

§10.6: On the third line from below on page 190, replace “if matroid” by “if
matroids”.

§10.6, description of the weighted common independent set augment-
ing algorithm: Two lines below (36), remove “counting multiplicities”, since a
path does not traverse any vertex twice. Also, add the following definition:

“The length of a circuit C', denoted by [ (C'), is defined as > f¢ (¢), where #¢ (¢)

ceVC
denotes the number of edges belonging to the circuit C' which are outgoing from

2

C.

Note that I wouldn’t try to reformulate the definition of the length of a path
to make it also cover the case of a circuit, because it is not clear what the
multiplicities are for a circuit.

Theorem 10.10: Replace “circuit” by “cycle”.

(I am assuming that the difference between a circuit and a cycle is that a circuit
may contain repeated vertices (except from its first and last vertex), whereas
a cycle cannot. In this case, I don’t know whether Theorem 10.10 holds for
arbitrary circuits, but at least I am fairly sure that the proof you are giving does
not.

Actually, T am no longer sure that the meanings of the words “circuit” and
“cycle” are the ones I believe. For example, Exercise 4.15 probably uses the word
“circuit” in the meaning of “cycle with no repeated vertices”. Maybe it would be
better to disambiguate these two terms and define them somewhere in Chapter

1)
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e Proof of Theorem 10.10: On page 191, replace “by Lemma 10.2 a matching”
by “by Lemma 10.2 a perfect matching”.

e Proof of Theorem 10.10: On page 191, replace “a directed circuit C;” by “a
directed cycle C7”, and replace “into directed circuits” by “into directed cycles”.
[It might generally be good to handle the distinction between circuits and cycles
with the same care that you take for paths vs. walks.]

e Proof of Theorem 10.10: The ending of this proof is very hard to understand
and possibly wrong. First, it has typos (one should replace every “I (VC;)” by
“1(C;)7, replace every “I(VC)” by “I(C)”, and replace every “proposition” by
“theorem”). Second, I think there is too much going on at the same time in this
argument, and the claim that “I (VC;) < (V) for all j < k” at the end might
not be true (I have not looked for a counterexample, but I don’t see a reason why
it should hold)[™]

19T would replace the part of the proof that begins with “If, say VCy = VC” and ends with the end
of the proof by the following (again, my hope is that you can do much better):

“From (37), we see that I (C1) +1(C2) +---+1(Cx) = 20(C). If some j € {1,2,...,k} such that
VC; # VC satisfies [ (C;) < 0, then Theorem 10.10 is proven (by taking C' = C;). Hence, for the rest
of this proof, we can assume WLOG that no such j exists. Assume this. Thus, every j € {1,2,...,k}
such that VC; # VC satisfies [ (C;) > 0.

Note that every of the cycles Ci, Cs, ..., Ck can be regarded as a cycle in the directed graph
H (M, M5,Y), because it uses each of the doubled arcs in Ny at most once. (But the resulting k
cycles in H (M7, Ms,Y) won’t be arc-disjoint.)

We know that ¢ (like every vertex in V() is left by exactly two arcs of D. Let e and f be these two
arcs. Since the cycles C1, Cs, ..., Cy form a decomposition of A, each of the two arcs e and f belongs
to one of the cycles C1, Cs, ..., C. That is, there exist u € {1,2,...,k} and v € {1,2, ..., k} such that
e € Cy and f € C,. Consider these u and v. Since e and f are two distinct arcs of D leaving the
vertex ¢, we have u # v (because no cycle may contain two distinct arcs leaving the same vertex).
Since e € C,, and t € e, we have t € V.

Recall that VC; = VC for at most one j. Hence, we must be in one of the following two cases:

Case A: There exists exactly one j satisfying VC; = VC.

Case B: There exists no j satisfying VC; = VC.

Let us consider Case A first. In this case, there exists exactly one j satisfying VC; = VC. Hence,
we can WLOG assume that V' Cj, = VC, whereas every j # k satisfies VC; # VC. Thus, every j # k
satisfies [ (C;) > 0 (since we know that every j € {1,2, ..., k} such that V'C; # VC satisfies [ (C;) > 0).
Consequently, every j # k satisfies

1(Cy) <1(C1) +1(Ca) 4+ +1(Ch1) = (L(C) +1(Co) + -+ +1(Ci)) — 1(Cy)
=21(C) ?l(/g;

(since VC,p=V C and since
C}, and C are cycles)

= 21(C) —1(C) =1(C).

But since u # v, it is not possible that both v and v equal k. Hence, at least one of the numbers u
and v does not equal k. Let us WLOG assume that u # k. Thus, VC, # VC (since every j # k
satisfies VC; # V() and [ (C,,) < 1(C) (since every j # k satisfies [ (C;) < 1(C)) and also t € VC,
(as we know). Thus, Theorem 10.10 is proven (by taking ¢’ = C,,) in Case A.
Now, let us consider Case B. In this case, there exists no j satisfying V'C; = V. Hence, every
Jj € {1,2,...,k} satisfies VC; # VC. Thus, every j € {1,2,...,k} satisfies [ (C;) > 0 (since we know
that every j € {1,2,...,k} such that VC; # VC satisfies [ (C;) > 0). As a consequence, using u = v
we obtain
H(C) +1(Cy) SL(C) +1(Ca) £+ +1(Ch) = 2(C).

Hence, at least one of the two inequalities [ (C,) < [(C) and [ (C,) < 1(C) must hold (because
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e Proof of Theorem 10.11: I think that for the sake of clarity, it would be better
to replace “To see necessity, suppose H (My, M,,Y) has a cycle C' of negative
length” by “To see necessity, suppose that Y is extreme but H (My, M>,Y") has
a cycle C' of negative length”. Similarly, I believe that it would be better to
replace “To see sufficiency, consider a Z € Z; N Z, with |Z| = |Y|” by “To see
sufficiency, assume that H (M, Ms,Y") has no directed cycle of negative length,
and consider a Z € Z; N Z, with |Z| = |Y|”. Note that this might be just my
personal problem. (When I see words like “necessity” and “sufficiency” in relation
to an if-and-only-if assertion, it is not clear to me what they mean: which of the
two sides is meant to be necessary/sufficient? But maybe there is a common
convention how to understand this. I prefer subdividing proofs of equivalences
into “=-" and “<=:" parts, though.)

e Proof of Theorem 10.11: Replace “Proposition 10.10” by “Theorem 10.10”.

e Between Theorem 10.11 and Theorem 10.12: You write: “This theorem
implies that we can find in the algorithm a shortest path P in polynomial time
(with the Bellman-Ford method).” Here you are using the fact that the Bellman-
Ford method (as described in the last paragraph of page 13) computes not just
a minimum-length s — ¢ path, but actually a minimum-length s — ¢ path which
has a minimum number of arcs among all minimum-length s — ¢ paths. Maybe
this claim could be added to §1.3 as an exercise?

Also, there is a further little difference between the Bellman-Ford method pre-
sented in Chapter 1 and the algorithm you are using here: In Chapter 1, the
Bellman-Ford method was constructed for a directed graph with a length func-
tion on arcs, while here you have a directed graph with a length function on
vertices. Fortunately, it is easy to reduce the latter situation to the former (by
adding a new vertex s along with an arc from every vertex in X5 to s, and then
defining the length of any arc to be the length of its source, and searching for a
shortest path from X to s with respect to this lengths of arcs).

e Proof of Theorem 10.12: On page 192, replace “adding arcs from each vertex
in X; to t, and from ¢ to each vertex in X5” by “adding arcs from each vertex in
X, to t, and from ¢ to each vertex in X;”.

e Proof of Theorem 10.12: On page 193, replace “So Z = (Y +t) AVC” by
“Set Z = (Y +1) AV,

e Proof of Theorem 10.12: On page 193, replace “Proposition 10.10” by “The-
orem 10.10”.

otherwise we would have [ (C,) > [(C) and [ (C,) > (C), and therefore [ (C,)+1(C,) > 1 (C) +
S~ Y~
>1(C) >1(C)

1(C) = 21(C), contradicting | (C,,) + 1 (C,) < 21(C)). Let us WLOG assume that [ (C,) < [(C)
holds. Thus, VC,, # VC (since every j € {1,2, ..., k} satisfies VC; # V) and [ (Cy,) <1 (C) and also
t € VCy (proven above). Thus, Theorem 10.10 is proven (by taking C’ = C,,) in Case B.

Hence, Theorem 10.10 is proven in both cases A and B. Since we know that cases A and B cover
all possibilities, this yields that we have proven Theorem 10.10.”
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Proof of Theorem 10.12: At the end of this proof, add the sentence: “Since
Z =Y’ this yields that Y’ is extreme.”

Proof of Theorem 10.13: Replace “we have an extreme” by “we have a
maximum-weight”.

Exercise 10.38: Replace “rooted tree” by “rooted tree (with vertex set V' and
arc set C A)”.

«

Proof of Theorem 10.14: On the second line of this proof, replace “...w (y,,)”

by “.. > w (ym)”.

§10.7: On page 195, you write: “So system (41) is totally dual integral.” This
is the first time the words “totally dual integral” appear in your text. Since you
apparently never use total dual integrality, it probably isn’t necessary to define
what it means, but it is still weird to suddenly use this notion without ever
introducing it.

Proof of Theorem 10.15: Here, you write: “Since B is a maximum-weight
basis, H (Mj, M, B) has no directed circuits of negative length.” Here, it might
be useful to add “(by Exercise 10.39)”.

Proof of Theorem 10.15: You write: “Hence there exists a function ¢ : X — Z
so that ¢ (y) — ¢ (x) < [ (y) for each arc (z,y) of H (M, My, B).” Tt took me a
while to understand why this is true; what you are using here is the following
(easy but not exactly trivial) fact:

Lemma 10.15a. Let G = (V, D) be a directed graph. Let [ : V — Z be a
function. For every = € V', denote [ (x) as the length of x. The length of a
path P in G, denoted by [ (P), will mean the sum of the lengths of the vertices
traversed by P, counting multiplicities. Assume that the graph G has no directed
circuit of negative length. Then, there exists a function ¢ : V' — Z such that

o (y) — ¢ (x) <lI(y) for each arc (z,y) of G.

Couldn’t this be a nice exercise for Chapter 17
Proof of Theorem 10.15: In (47), replace “< w (z)” by “< w (y)”.

Proof of Theorem 10.16: Between (49) and (50), you write: “and My :=
(XUU,J2)". The “Ms” here should be an “Mj”.

Proof of Theorem 10.16: Between (49) and (50), you write: “Define w : X —
Z”. The “X” here should be an “X UU”.

Proof of Theorem 10.16: You write: “In fact, ¥ U W is a maximum-weight
common basis”. I would replace the words “In fact” by “Moreover” here, since
“In fact” sounds as if you are proving the claim in the preceding sentence.

Proof of Theorem 10.16: On page 196, replace “wi,wy : X — Z7 by “w, ws :
XUuU—->72".

Proof of Theorem 10.16: On the first line of page 197, replace “subtracting”
by “subtract”.
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e §10.7: Two lines above (51), you write: “By Theorem 10.14 the intersection”. I
think you want to cite Corollary 10.14a rather than Theorem 10.14.

e Proof of Theorem 10.17: Replace “By Theorem 10.15” by “By Theorem
10.167.

e Proof of Theorem 10.17: The proof of optimality is a bit of a mess (you use
some Z which you haven’t introduced, and it’s not very clear what is being done).
Here is how I would correct it:

“Rename Y as Z (so that the letter Y is free again and can be used as a sum-
mation index). Denote by Z the vector x? € R¥. Since Z is a maximum-weight
independent set in M; with respect to w;, we know that Z = x¥ is an optimum
solution of the problem (42) with respect to M;,w;. As a consequence,

wiZ

=max{w{z | z(z) >0foralz e X, and z(Y) < rpy, (V) forall Y C X}

:min{Zyerl(Y) | yy >0forall Y C X, and Z yy > w () foralleX}

YCX YCX, zeY

- jg: QQTNA(Yv

YCX

(since ¥’ is an optimum solution for problem (43) with respect to My, w;). Simi-

larly, wlz = > y¥ra, (V). Now, since w = wy + wo, we have
YCX

wiz= Wiz o+ wlE =Y e (V) D g (V)
St St YCX YCXx
=2 v (Y) =3 yyrmp(Y)
YCX YCX
= Whra, (V) + yran (V)
YCX

Thus, z is an integer optimum solution to (52), and (yy, ¥y )ycy is an integer
optimum solution to (53), qed.”
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