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Abstract. The SET PACKING problem is, given a collection of sets S
over a ground set U, to find a maximum collection of sets that are pair-
wise disjoint. The problem is among the most fundamental NP-hard op-
timization problems that have been studied extensively in various com-
putational regimes. The focus of this work is on parameterized com-
plexity, PARAMETERIZED SET PACKING (PSP): Given r € N, is there
a collection 8’ C & : |S’| = r such that the sets in S’ are pairwise dis-
joint? Unfortunately, the problem is not fixed parameter tractable unless
WI[1] = FPT, and, in fact, an “enumerative” running time of |S|?(") is
required unless the exponential time hypothesis (ETH) fails. This paper
is a quest for tractable instances of SET PACKING from parameterized
complexity perspectives. We say that the input (U,S) is “compact” if
U] = f(r) - O(poly(log |S])), for some f(r) > r. In the ComPACT PSP
problem, we are given a compact instance of PSP. In this direction, we
present a “dichotomy” result of PSP: When |U| = f(r)-o(log |S]|), PSP is
in FPT, while for [/| = r - ©(log(|S])), the problem is W[1]-hard; more-
over, assuming ETH, CoMPACT PSP does not admit |S|°("/1°8™) time
algorithm even when |[U| = r - ©(log(|S])). Although certain results in
the literature imply hardness of compact versions of related problems
such as SET r-COVERING and EXACT r-COVERING, these constructions
fail to extend to CoMPACT PSP. A novel contribution of our work is
the identification and construction of a gadget, which we call Compati-
ble Intersecting Set System pair, that is crucial in obtaining the hardness
result for CoMPACT PSP. Finally, our framework can be extended to ob-
tain improved running time lower bounds for COMPACT r-VECTORSUM.

1 Introduction

Given a graph G = (V, E), the problem of finding a maximum-size subset of dis-
joint edges (matching) is tractable, but its generalization to hypergraphs, even
when the edge length is 3, is NP-hard. This general problem is known as the Hy-
pergraph Matching problem. The hyper-graph H = (W, F') can be equivalently
viewed as a set system (U, S), where the universe (or the ground set) U corre-
sponds to the vertex set W and S corresponds to the collection of hyperedges
F'. Then finding a maximum matching in H is equivalent to finding maximum
number of pairwise disjoint sets (packing) in . Hence the Hypergraph Matching
problem is also known as the SET PACKING problem, which is a fundamental
problem in combinatorial optimization with numerous applications.While this
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problem captures many classical combinatorial problems such as maximum in-
dependent set (or maximum clique), k-dimensional matching and also, some
graph packing problems [9/16], this generalization also makes it intractable in
several regimes. One computational regime in which SET PACKING has been ex-
plored extenstively is approximation algorithms. Since SET PACKING generalizes
the maximum independent set problem [I], it inherits the inapproximability of
the latter problem [I7]. This immediately implies that the trivial approximation
of picking simply one set in the packing is roughly the best to hope for. Further-
more, approximations in terms of || are also not hopeful since the result also
implies inapproximability bound of [/|*/2~¢, which is matched by [15]. To com-
bat these intractabilities, various restrictions of SET PACKING have been studied.
Particularly, a restriction where the size of the sets in S is bounded by some inte-
ger k, which is known as k-Set Packing, is also a well-studied problem. However,
k-Set Packing captures the independent set problem in bounded degree graphs,
which again is a notoriously hard problem to approximate beyond the “trivial”
bound [2J3]. While [I8] improves the lower bound for k-Set Packing to 22(k/In k),
the best known approximation is (k+ 1+ ¢)/3 [8I11], yielding a logarithmic gap
between the bounds. Besides approximation algorithms, SET PACKING has also
been studied from the parameterized complexity perspectives (with the standard
parameter on the size of an optimal packing solution). In this problem, known as
the PARAMETERIZED SET PACKING (PSP) problem, we are given an instance
(U,S,r) and the task is to decide if there exists a packing of size r. Unfortu-
nately, even PSP remains intractable and is, actually, W[1]-complete [I3]. In
fact, Fzponential Time Hypothesis (ETH) implies that the trivial enumerative
algorithm running in O*(|S|") time to find an r-packing is asymptotically our
best hope [12]. The algorithmic outlook for PSP worsens further due to [7],
which rules out o(r)-FPT-approximation algorithm assuming the Gap Ezponen-
tial Time Hypothesis (Gap-ETH). Assuming a weaker hypothesis of FPT # W(1],
very recently [24] showed that there is no FPT algorithm for PSP problem that
finds a packing of size r/r'/H(") for any increasing function H(-), when given
a promise that there is an r-packing in the instance. Thus, the flurry of these
negative results make it likely that SET PACKING problem is intractable in all
computational regimes.

In this paper, we consider PSP on compact instances. We say that an instance
(U,S,r) of PSP is compact if U] = f(r) - O(poly(log|S|)), for some function
f(r) > r, that is, the universe is relatively small compared to the number of setd].
Besides the algorithmic motivation, compact instances have recently been used
as an “intermediate step” to prove FPT inapproximability results of the (non-
compact) classical problems (see, e.g., [4I20] where the compact instances were
used in proving FPT-inapproximability of the k-EvenSet and Dominating Set).
We hope that studying CoMPACT PSP would lead to some ideas that would be

! In fact there is another way to define compactness: when |S| = f(r)-©(poly(log |U])).
However in this case, the enumerative algorithm running in time O*(|S|") is already
fixed parameter tractable [6]. Thus, the interesting case is when the universe is
compact, which is the case we will be focusing on.
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useful in proving tight FPT inapproximability of PSP (that is, to weaken the
Gap-ETH assumption used in [7]).

1.1 Our Results
Our main result is the following dichotomy of PARAMETERIZED SET PACKING.
Theorem 1 (Dichotomy). The following dichotomy holds for PSP.

o If U] = f(r) - o(log|S]), for any f, then PSP is in FPT.
o PSP remains W[1]-hard even when [U| =1 - O(log|S]).

The algorithmic result follows from well-known dynamic programming based al-
gorithms [5/12] that run in time O*(2/4!), and observing that this running time
is fixed parameter tractable [6] when |U| = f(r)o(log|S|). However, for com-
pleteness, in Appendix [A] we present a simple dynamic program algorithm based
on finding longest path in a DAG running in time O*(2/“!). The main contri-
bution of our work is the W[1]-hardness of PSP even when |[U| = r - O(log |S]).
Towards this, we show an FPT-reduction from SUBGRAPH ISOMORPHISM (SGI)
to COMPACT PSP. The hardness result follows since SGI is W[1]-hard. In fact,
our hardness result can be strengthened assuming Exponential Time Hypothesis
(ETH) [12] to obtain the following result.

Theorem 2. CoMPACT PSP requires time |S|?("/1°87) even when [U| = r -
O(log |S]), unless ETH fails.

The result of Theorem [2] follows from the ETH-hardness result of SGI due to
[22], and from the fact that the hardness reduction of Theorem [ is parameter
preserving up to a multiplicative constant. Note that since PSP can be trivially
solved by enumeration in time O* (|S|"), the above result says that, even for
the compact instances this is essentially our best hope, up to a log factor in the
exponent. An interesting consequence of the dichotomy theorem coupled with
Theorem [ is the fact that, as soon as instances get asymptotically smaller,
not only we beat the enumerative algorithm, but we actually obtain an FPT
algorithm. We would like to remark that the universe size in Theorem 2lis tight
(up-to logr factor) since having [U| = o(r/logr) - O(log |S|) would already allow
|S|e(r/ 18 ™) time algorithm. Further, note that for W[1]-hardness, it is sufficient
to have [U| = f(r)©(log|S]), for some f, since we can add f(r) — r new sets
each with a unique dummy element and inflate the parameter to f(r). However,
this is not true for ETH based running time lower bounds as such inflation fail
to transfer the lower bounds asymptotically.

We would like to remark that, after our article was made public, Huairui
Chu [10] improved the lower bound of Theorem B to rule out |S|(") time.

Finally, we extend our construction framework (Theorem [) to improve the
running time lower bound (matching the trivial upper bound up to a log factor
in the exponent) for the compact version of r~-VECTORSUM: Given a collection
C of N vectors in Fg, and a target vector be F4, »-VECTORSUM asks if there

are r vectors in C that sum to b. COMPACT r-VECTORSUM is defined when
d = f(r) - O(poly(log N)), for some f(r) > r.
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Theorem 3. COMPACT 7-VECTORSUM requires time N*("/1987) = cven when
d=r-0O(logN), unless ETH fails.

The present bound of [4] rules out N°V") time under ETH. The proof of this
theorem is present in Appendix [Bl

1.2 Our contributions and comparison to existing works

In this section, we compare our contribution with existing works to highlight
its significance. To our best knowledge, the compact version of combinatorial
problems has not previously been formalized and investigated. However, several
existing reductions already imply the hardness of compact version of some of the
combinatorial problems. Here we review and compare the related results.

Our Contribution. As far as we know, there are no results showing W[1]-
hardness of CompACT PSP, and hence the corresponding dichotomy (Theo-
rem [I)). The key contribution of this paper is to show the hardness result for
CoMPACT PSP. On the way, we also show an ETH-based almost tight running
time lower bound for CompAcT PSP, with tight (up-to logr factor) universe
size [U| = r-O(log |S|). Interestingly, we show both of these results with a single
FPT reduction. In addition, we extend our framework to improve the running
time lower bounds for COMPACT r-VECTORSUM.

Next we survey some known hardness results for SET r-COVERING in the
compact regime and argue their limitations in extending them to PSP. In par-
ticular, [19, Lemma 25] shows a reduction from SGI to a variant of SET
r-COVERING called CoOMPACT EXACT r-COVERING, where we want to find an
r-packing that is also a covering (in fact they show hardness for COMPACT SET
r-COVERING. But a closer inspection of their construction shows that the in-
tended set cover is also a packing). The high level idea of the construction is
similar to ours: first assign each vertex of G a logarithm length binary pattern
vector. Then, create two kinds of sets: V-sets that capture the mapping of the
vertices and E-sets that capture the mapping of edges. The idea is to use the
pattern vectors to create these sets so that there is an isomorphic copy of H in
G if and only if there are |V | many V-sets and |Epx| many E-sets covering the
universe exactly once. However, if we consider the Soundness (No case) proof
of this reduction, then it crucially relies on the fact that no candidate solution
can cover the entire universe exactly once. In fact, it is quite easy to find r sets
that are mutually disjoint but do not form a cover. Therefore, it fails to yield
hardness for COMPACT PSP. The heart of our construction lies in ensuring that
in the No case, any r sets intersect. To this end, we construct a combinatorial
gadget called Compatible Intersecting Set System (ISS) pair. This gadget is a
pair of set systems (A, B) over a universe U that guarantees two properties:
First, every pair of sets within each set system intersects, and second, for any
set a € A, there exists b € B such that a intersects every set in BB except b. Fur-
ther, we present a simple greedy algorithm that finds such compatible ISS pair
(A, B) over a universe of size N, each having roughly 2?(N) sets. Note that this
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gadget, which we use to build our compact hard instance, also has a “compact”
universe. While, on the other hand, [25] shows COMPACT SET r-COVERING is
W[1]-hard using a reduction from k-CLIQUE to SET 7-COVERING with 7 = O(k?)
and |U| = r?/% - O(log|S]|), but does not yield a tight ETH- based running time
lower bound. In contrast, [23] shows such tight ETH lower bound for COMPACT
SET 7-COVERING: requiring time |S|("), which can be easily modified to ob-
tain a similar running time lower bound for CoMPACT EXACT r-COVERING (by
reducing from 1-IN-3-SAT, instead from 3-SAT).

1.3 Overview of Techniques

In this section we sketch the main ideas of our hardness proof of Theorem [I
To this end, we present a reduction from SGI, which asks, given a graph G
on n vertices and another graph H with k£ edges, if there is a subgraph of G
isomorphic (not necessarily induced) to H, with parameter k. The reduction
produces an instance Z = (U, S,r) of PSP in FPT time such that » = ©(k) and
|U| = O(rlog|S]). We remark that the classical reduction given in [I3] also has
parameter r = ©(k), but |U] is linear in the size of G, which is the size of |S|.
Below we present a reduction that constructs a compact instance, but falls short
in achieving its goal. However, it illustrates some of the main ideas that form
the basis of the actual hardness proof. This failed attempt also highlights the
crucial properties of the gadget that are necessary for the correct reduction.
Our reduction constructs the instance Z = (U, S,r) of PSP using a special
set system gadget — which we call the Intersecting Set System (ISS) gadget. A
set system A = (Ua, Sa) with M sets over N elements is called an (M, N)-
Intersecting set system, if every pair s’,s/ € S, intersects (i.e., s, s’ has a
non-empty intersection). We show how to efficiently construct an (M, N)-ISS
A = (Ua,Sa) with M = 2VN=1 Let Uy = {1,2,---, N + 1}. Then, for every
subset s C {2,3,---, N + 1}, add the set s’ := {1} U s to S4. Note that .A has
a compact universe since |Ua| = logy M + 1 = log, [Sa| + 1, which is crucial
in constructing a compact instance of PSP. We are now ready to present the
reduction using this compact ISS gadget. Let the given instance of SGI be
J =(G= Vg, Eg),H= (Vyg,Egn),k). Let £ :=|Vg|, n:=|Vg| and m := |Eg]|.
Further, let V(G) = {1,--- ,n}. Note that ¢ < 2k, since isomorphic sub-graph in
G to H is not necessarily induced. Let A = (Ua, Sa) be the (M, N)-ISS gadget
specified above with N = [logn] 4 1. Since M > n, assume Sx = {5%}qcv (@)
by arbitrarily labeling sets in S4 and ignoring the sets s*, a > n. We construct
an instance Z = (U, S,r) of CoMPACT PSP as follows. For every v € Vp, and
w € Ng(v), let Ay = (Upw, Svw) be a distinct copy of ISS A (that is, the
universes {Uy w fwe Ny (v) are disjoint) with the same labeling of sets as that of
Sa. Note that A, ,, and A, ., are distinct copies of A. Let U, := Uyen(v)Uv,uw-
The universe U in 7 is defined as U = U,evy, Uy. Now for S, we will construct two
types of sets, that we call V-sets and E-sets. For every o € V(G) and v € Vg,
add the set Spisy 1= Uwen(v)Sy. t0 S. These sets are referred as V-sets. For
each edge (@, 8) € Eg and each edge (v,w) € Eg, add the set Siy gy (v,w) =
Sow Y Efu)v to S. These sets are called F-sets. Finally, setting the parameter
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r = { + k, concludes the construction of PSP instance Z = (U, S, r). First, note
that for the base ISS gadget A = (Ua, Sa), we have that |[Ua| = O(logn). Hence,
U =2 ici 2 ey [Ual = O(klogn), where as |S| = O(mk + nl) = O(n2k).
Since r = O(k), we have |U| = O(rlog|S]), yielding a CompACT PSP instance.

To illustrate the main ideas, we analyze the completeness and discuss how
the soundness fails. In the completeness case, let us assume that there exists an
injection ¢ : Vg — Vi which specifies the isomorphic subgraph in G. Consider
T CSasT = {S¢(v)r—>v}UEVH U{S(¢(v),¢(w))r—>(v,w)}(v,w)eEH- Notice that we
have chosen ¢ 4 k sets from S. To see that T forms a packing, fix v,w € Vg
such that w € N(v). Let T |y, , be the restriction of T" on U, , (Formally,
T |v, .= {tNUyw : t € T}). Then note that T' |y, , forms a packing since
Ty, = {si%), 500,

For soundness, we show the proof for a simpler case. Suppose T' C § with
|T| = r is a packing with at most one V-set from each vertex of G. Further,
assume |Ty| = ¢ and |Tg| = k, where Ty and T denote the V-sets and E-sets
of T respectively. Finally, we also assume that T coversU. Let Vi = {v1, -+ ,v¢}.
Relabel the sets in Ty as Ty = {T}, : 3Sarsv, € Ty, for some a € Vg, v; € Vi }.
Now consider V' := {a | T{, = Sarsv; } C Vi, and relabel the vertices of V' as
V' ={a}, -+ ,a}}, where o} = a such that T}, = Sy, We claim that G[V']
is isomorphic to H with injection ¢ : Vi — Vi such that ¢(v;) = af. To this
end, we show (v;,v;) € Eg = (¢(vi), ¢(vj)) € Egpv. Note that since Ay, o,
is an ISS, Ty |in,vj: T} |Uvi,vj: sg‘},w. Further, combining the fact that T is
a packing covering U with the fact |Tg| = k, we have that Tp |, , = 53}7%.

’

Similarly, it holds that Ty v, .. = T‘]} U0, = sﬁf}vi, and hence Tg v, ,, =
Egjvl But this implies that S(az,a/)es(v;,0;) € T2, Which means (d(vs), p(vy)) =

(o, ;) € Egpy, as desired. However, for the general case, we would require a
gadget that enforces all the above assumptions in any candidate packing.

1.4 Open problems.

An interesting direction is FPT approximating CoMPACT PSP: Given a promise
that there is an r-packing, is it possible to find a packing of size w(1) in FPT time?
Note that for the general PSP problem, there is no o(r) FPT-approximation,
assuming Gap-ETH. However, recent results [21]24] use a weaker assumption of
WI[1] # FPT but also obtain weaker FPT-inapproximibility. It is also interesting
to show such hardness of approximation for ComMPACT PSP.

2 Preliminaries

2.1 Notations

For ¢ € N, denote by [g], the set {1,---,¢}. For a finite set [¢] and i € [g], we
overload ‘+" operator and denote by i+1 as the (cyclic) successor of ¢ in [g]. Thus,
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the successor of ¢ is 1 in [g]. All the logs are in base 2. For a graph G = (V, E) and
a vertex v € V, denote by N(v), the set of vertices adjacent to v. Further, d(v)
denotes the degree of v, i.e., d(v) := |[N(v)|. For a finite universe U and s C U,
denote by § as the complement of s under U, i.e., 5 := U \ s. Similarly, for a
family of sets S = {s1,---, sy} over U, we denote by comp(S) = {51, ,5m}.
Further, for a subset s C U and a sub-universe U’ C U, denote by s |y as the
restriction of s on sub-universe U’, i.e., s |y:= s N U’. Similarly, for a family of
sets S = {1, ,sm} over U, denote by S |y as the restriction of every set of
SonU' ie, S|u:={s1|v, - ,8m |u} For a set system A = (Ua,Sa), we
denote the complement set system by A = (Ua, comp(Sa4)). For s,t C U, we say
s and t intersects if s Nt # ().

2.2 Parameterized Complexity

The parameterized complexity theory concerns computational aspects of lan-
guages (L, k) over a fixed and finite alphabet X, where L C X* and x : ¥* — N,
called the parameter, is a polynomial time computable function. Thus a param-
eterized problem is a classical problem together with a parameter x. As an
example consider the following classical NP-complete problem.

CLIQUE
Instance: A graph G and k € N
Problem: Decide if G has a clique of size k

Now consider a parameterized version of CLIQUE defined by k(G, k) := k.

k-CLIQUE

Instance: A graph G and k € N
Parameter: k

Problem: Decide if G has a clique of size k

When the parameter x represents the size of solution, then it is called natural
parameter.

Definition 1 (Fixed Parameter Tractable). A parameterized problem (L, k)
is called fized parameter tractable if there is an algorithm A, a constant ¢ and
a computable function f : N — N such that on all inputs y = (z,k), A decides
whether x is in L and runs in time at most f(k) - |z|°.

The complexity class FPT is the set of all fixed parameter tractable problems.
In this paper, we consider parameterized problems with natural parameter i.e.
k represents the size of solution. Once we define the class FPT, the next natural
thing is to define parameterized reduction or FPT-reduction with the intention
that such a reduction from parameterized problem ) to another parameterized
problem @’ allows converting an FPT algorithm of @’ to an FPT algorithm of

Q.

Definition 2 (FPT-reduction). An FPT-reduction from Q C X* x N to Q' C
2* x N is an algorithm R mapping from X* x N to X* x N such that for all
y = (z,k),R(y) € Q if and only if y € Q, and for some computable function
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f and a constant ¢, R(y) runs in time f(k) - |z|® and R(y) = (2', k"), where
k' < g(k) for some computable function g.

An extensive treatment of the subject can be found in [T2/T314].

2.3 Problem definitions

Definition 3 (PARAMETERIZED SET PACKING (PSP)). Given a collection of
sets S = {S1,...,Sm} over an universe U = {e1,...,en} and an integer r, the
PSP problem asks if there is a collection of sets S C S such that |S'| = r and,
SiNS; =0 for every S; # S; € S'. An instance of PSP is denoted as (U, S,r).

CowmpacT PSP is defined when the instances have || = f(r) - ©(poly(log |S|)),
for some function f(r) > r.

Given two graphs G = (Vg, E¢) and H = (Vy, Eg), a homomorphism from
H to Gisamap ¢ : Vg — Vg such that if (v;,v;) € Eg then (é(v;), ¢(v;)) € Eg.

Definition 4 (SUBGRAPH ISOMORPHISM (SGI)). Given a graph G = (Vg, E¢)
and a smaller graph H = (Vi, Eg) with |Ex| = k, the SGI problem asks if there
s an ingective homomorphism from H to G. An instance of SGI is denoted as
(G = (Ve Ec),H = (Vi, En), k).

The parameterized version of SGI has parameter x = |Ey| = k. Without loss of
generality, we assume |V | < 2k, and every vertex of H has degree at most k.

3 Dichotomy of PSP

In this section we prove the hardness part of the dichotomy theorem (Theorem!IJ).
First in Section [B.I], we identify the gadget and its associated properties that are
crucial for the reduction. Then, in Section B2, using this gadget, we show an
FPT-reduction from SGI to CompacT PSP.

3.1 Compatible Intersecting Set System Pair

A set system A = (Uga, Sa) is called an (M, N)-Intersecting set system (ISS), if
it contains M sets over N elements such that every pair s,t € S4 intersects.

Definition 5 (Compatible ISS pair). Given two ISS A = (U,S4) and B =
(U,Sp) on a universe U, we say that (A,B) is a compatible ISS pair if there
exists an efficiently computible bijection f:Sa — Sp such that

— (Complement partition) Vs € Sa, s and f(s) forms a partition of U, and
— (Complement exchange) Vs € Sa, As := (U, (Sa \ {s}) U{f(s)}) is an ISS.

Since f is as bijection, we have |S4| = |Sp|, and V¢ € Sp, the set system
B: := (U, (S \ {t}) U {f~1(t)}) is also an ISS. Also, for (s,t) € (Sa,Sp) if
sUt = U, then t = f(s). The following lemma efficiently constructs a compatible
(M, N)-ISS pair, which is a key ingredient in our hardness proof.
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Lemma 1. For even N > 2, we can compute a compatible (M, N)—]S§ pair
(A, B) with M > 2N/~ i, time polynomial in M and N. Further, B = A.

Proof. Given even N > 2, we construct two set systems A = (U, S4) and B =
(U, Sp) greedily as follows. First set U = [N], and unmark all the subsets s C U
of size N/2. Then, for every subset s C U, |s| = N/2 that is unmarked, add s to S
and 5 to Sp, and mark both s and 5. Note that |Sa| = |Sp|, and B = A. First,
we claim that both A and B are (|S4|, N)-ISS. Indeed, observe that any s,t € Sy
(s,t € Sp) intersects since |s| = |t| = N/2 and ¢ # 3. Next, for lower bounding
M, we have |Su| = |Sp| = %(NJ\/[2) > 2N/2-1 The total time to construct (A, B)
is 2V poly(N) = poly(M, N). Finally, to see that (A, B) is a compatible ISS pair,
consider the bijection f : Sy — Sp with f(s) = 5, for s € S4, and note that
for s € Sa, As = (U, (Sa \ {s}) U{f(s)}) is an ISS. This is because for s € S4
and any t € Sy \ {s}, since |5| = [{| = & and  # 5, we have 5\ # . But
sNt=35\t+#0. Hence, f(s) intersects ¢. 0

3.2 Hardness of CompacT PSP

Our hardness result follows from the following FPT-reduction from SGI that
yields compact instances of PSP and the fact that SGI is W[1]-hard.

Theorem 4. There is an FPT-reduction that, for every instance T = (G =
(Va,Ec),H = Vi, En),k) of SGI with |Vg| = n and |Eg| = m, computes
p = O(k!) instances Jp = (Up,Sp,7),p € (1] of PSP with [U,| = O(klogn),
ISp| = ©(n?k+mk), and r = O(k), such that there is a subgraph of G isomorphic
to H if and only if there is an r-packing in at least one of the instances {Jp}pey)-

Proof. The construction follows the approach outlined in Section Let Vg =
{1,---,n}. Let (A, A) be the compatible (M, N)-ISS pair given by Lemma [I]
for N = 2[log(n+1)]+2. We call A = (U, S4) and A = (U, comp(S4)) as the
base ISS gadgets. Further, assume an arbitrary ordering on Sy = {s!,---,sM}.
Since M > 2N/2=1 > p every o € Vg can be identified by the set s* € Sy
corresponding to the index o € [M]. For each ordering p : Vg — [{], create an
instance J, = (Up, Sp,7) of COMPACT PSP as follows. Rename the vertices of
Vi as {v1, -+ ,ve} with v; := v € Vg such that p(v) = i. For each v; € Vy,
create a collection C,, of d(v;) + 1 many different copies of base ISS gadget
A (i.e., each has its own distinct universe) as: Cy, := { Ay, 0, {Avi,w}weN ()}
where Ay, 0 = (U0, S0,,0) and Ay, v = (Uy;,w, Sv;w)- Let Uy, = Uye N ) Ui w-
For each C,,, let Ue, = Uy, ,0 U U,,. Now, we define the universe U, of J, as
Up = Uiejg Ue:-

The sets in S, are of two types: V-sets and F-sets as defined below. For
a € Vg and v € Vp, denote by Si' = Uyen(v)Sy .- Recall that for a € Vi and
(v,w) € Eg, the set sy, is the at? set in S, 4 of ISS Ay v = (Up s Sow)-

V-sets: For each o € Vg, for each v; € {v1, - ,v-1}, and for each g €
Vg, B > a, add a set Sqiye,;,8 to Sp such that

e a B
SO&—)'LH,ﬁ T S’Ui,o U SU»; U S’Ui+1,0
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Further, for each o € Viz, and for each 5 € Vg, 8 < «, add a set Sasv,,8 to Sp
such that

5
Sw—)v[ B = Sy[ 0 U S’ul v1 0

E-sets: For each edge (o, 8) € Eg and each edge (v;,v;) € Egn, add a set
S(Q)B),_,(Ui)vj) to S, such that

S(a,ﬁ)H(vi,v]‘) = ggi,vj U ggj,vi

Parameter: Set r .=k + £.
This concludes the construction. Before we prove its correctness, we note the
size of the constructed instance J,. First, r = ©(k), since £ < 2k. Then, [U,| =

S el = S5 (d(v:)+1)N = B(klogn), and |S,| = O(n2l+mk) = O(n2k).

Yes case. Suppose there is a subgraph G’ = (Vig/, Eg) of G that is isomorphic
to H with injection ¢ : Vg — V. Let Vo = {a1,a92, - ,a¢} C [n] such
that a1 < as < --- < . Relabel the vertices of H as {v1,---,vs}, where
v; = ¢~ ay),i € [¢]. Now, consider the ordering p of Vi such that p(v;) = i,
for ¢ € [¢], and fix the corresponding instance J, = (Up,Sp,r). Consider the
following collection of V-sets and FE-sets: Ty := Uie[[] Saisvi,ais, and Ty =
U(vi,vj)eEH S(ai,a;) (v ;). Let T =Ty UTg. Note that for this choice of p, we
have Ty, C S, due to construction, and T C S, due to ¢, and hence T' C S,,.
Further, |T| = |Tv |+ |Tg| = £+ k = r, as required. Now, we claim that T forms
a packing in J,. Towards this goal, note that it is sufficient to show that the
sets in T' [y, are mutually disjoint, for all i € [¢]. To this end, it is sufficient to
show that both T lv,, o and T' |y, are packing, for all i € [Z] Fix i € [¢], and
consider the followmg cases:

L. T |y, ,: Since Tg |v, ,= 0 by construction, we focus on Tv |y, ,. But,
Tv |u, , is a packing since,
i

Ty |U {Sﬂt1 101,05 Uy, .09 Sﬂt U, |UuZ } = {53;,0’ ng,o}a if ¢ 7£ 1
v {Sal’_)vlyal |U111 07 Sa1HU1,Ot2 |U111 0} {5311,07 ‘9311,0}7 ifi=1.

2. T |y, : Tt is sufficient to show that T |Uui,u]~ is a packing, Yv; € N(v;). But
this follows since, Yv; € N(v;),
={Tv lv,,.,-Te lv., .}

i1V

T v

v,V

= {Sai’_)viyai+1 |Uui,u]~ ) S(ai,aj)H(vi,vj) |Uvi,vj} {Svl vjv Su;, vj}

No case. Suppose there is an r-packing ' C S, in some instance J,,p € [u],
then we show that there is a subgraph Gt of G that is isomorphic to H. First
note that p € [u] gives a labeling {v1,- -+, v} of Vi such that v; = p~1(i), for
i € [¢]. Next, partition T into Ty and Tg, such that Ty and Ty correspond to
the V-sets and F-sets of T respectively. This can be easily done since t € T is
a V-set if and only if ¢ |y, ,= s5 o € Ay, 0, for some a € Vg,v; € Vi. Let
Uo = {Uy, 0}v;evy and Uy = {Uy, }v;evy, - We claim the following.
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Lemma 2. |Ty|=/¢ and |Tg| = k.

Proof. Note that for t € Ty, we have t |y, = {55, o, Eiﬂ)o}, for some «, 5 € Vg
and v;, v;41 € V. Hence, it follows that |t |y, | = N. Since |Up| = ¢N and Ty is
a packing, we have |Tv| < £. For bounding |Tg|, consider ¢t € Ty, and note that
t o= {55, 0, 50, 5 .} for some (a, B) € E¢ and (v;,v;) € Ey. But also note that
we have s7 € »Avi,vj and 37 v € Auj,vi- Hence, by the virtue of T being a
packing and using the facts that U, is the union of universes of 2k many base
ISS {flv,w}erH,weN(u)a and each t € T contains sets from two of such ISS, it
follows |Tg| < k. Finally, |T| = r = { + k implies |Tv| = ¢ and |Tg| = k. O
For i € [{], as Ay, 0 = (Uy,.0,50;,0) is an ISS, we can relabel the sets in Ty
as Ty = {Ty,-- , T}, where T}, :=t € Ty such that t |y,> s3, , for some
Sp..0 € Sv;,0- The following lemma is our key ingredient.

Lemma 3. T covers the whole universe U,.

Proof. Since U, = Uy UUy, we will show that T |y, covers Uy, for j = {0,1}. For
Uy, note that T |y,= Ty |y, by construction. For TY, € Ty, we have |T{, |v, | =
N due to complement partition axiom of (A, 0,4y, 0)- Since Ty forms a packing,
we have that [Uiepy TV, |u, | = €N = |Up|, as desired. Next, we have [U;| = 2kN.
Consider Ty, € Ty and notice [T}, |v, | = §d(v;) since T}, |, = S2, for some o €
Ve. Since Ty forms a packing, we have |U;¢(q T o, | = Zle TV |o, | = kN.
Now consider t = S(q,8)s(v;,0;) € TE, for some (o, 8) € Eg and (vi,v;) € Eg.
Since, t |v,= {5, ., 50 ..}, we have [t |y, | = N. As Tg forms a packing, we
have |Ut€TEt lu, | = iteTE |t v, | = EN. Finally, T being a packing, we have
Usert lon 1= [Uiig T lov 1+ | Usery € lon | = 26N = U] as desived. O

Let o = a € Vg such that Ty, |v,, ,3 5%, o, for i € [(]. Let Vi = {a;}icjq. The
following lemma asserts that |Vr| = ¢.

Lemma 4. For each vertex o € Vg, there is at most one V-set Sqiye,,8 0 Ty,
for some v; € Vg and B € Vg.

Proof. Tt is sufficient to show o; < @41, for i € [¢—1]. Fix such 7 and consider the
universe U,, o of A,, ., 0. Then, note that only 7}, and T‘i;rl contain elements of
Uy, 0. Let T‘i/ = Sa,sv,.p for B> a;, and let T‘i;rl = Saii1svig1,ys T Y > g1,
As T covers U,, o (Lemma [3]), and using the complement partition property of
the compatible ISS pair (A, , o, v‘_lvi“,o), we have that a;41 = 5 > ;. O

Lemma 5. For every edge (o, 3) € Eg, there is at most one E-set S(q, g (v,
in Tg, for some (v;,v;) € Ep.

;)

Proof. Suppose there are two sets S(a, ) (vi,0,)s S(a,ﬁ)H(v;,u;) € Tg, for some
(a, B) € Eg. Without loss of generality assume v; # v.. Then, we will show
that Sarsv;,v, Saser,s € Tv, for some 7,6 € Vg, contradicting Lemma [l Since
S(a,ﬁ)H(vi,vj)a S(aﬁ)}_}(%yv;) € Tg, it holds that Tg |UUiv1’j =5 and T'g |U

Vi, V50
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5%, - As T covers U,, in particular, T' covers U, ,,, it must be that Ty |y, , =
: 00

(6%
’U;,Uj
800, 88 (Au,,v;, Au,,0,) 1s @ compatible ISS pair. By similar reasoning for Uy, .,
, ; i v
it must be that 7v |v,, ,, = sy . This implies that Ty |y, = S, and Ty |y, =
v L) !

Sg‘;. Thus, Sarsv;ys Sarswr,s € Ty for v # v}, for some v, d € Vg. a

Let Gr = G[Vr] = (V, Er), be the induced subgraph of G on V. To finish the
proof, we claim that G is isomorphic to H with the injective homomorphism
¢ : Vg — Vp given by ¢(v;) = a, for i € [f]. To this end, we will show that
for any (v;,v;) € Eg, it holds that (¢(v;), #(v;)) = (a4, ;) € Ep. Consider the

universe Uy, ,,, and note that 7Ty, |in,vj: Suiv,- As T covers Uy, o, , it holds

that T |v,, , = 5/, since (Ay, v, Av,v,) is a compatible ISS pair. Hence

Vi,Vj

Sy v e
Vj,Vi

S(ai,B)—(viw;) € T, for some (a;, B) € Eg. This implies t_hat Tg |UUJ_M:
By similar arguments for Uy, ,,, we have that 8 = «a; as T/ |UUJ_M = sy’ v,. Hence
(i, ;) = (¢(vi), ¢(v;)) € Ec- 0
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A A simple algorithm for PSP

In this section we show an algorithm for SET PACKING that runs in time O* (2/41).
The main idea is to exploit the fact that || is small and convert the problem
to the path finding problem in directed acyclic graphs (DAG). To this end, we
enumerate all the subsets of U by creating a vertex for each subset. Then, we
add a directed edge from subset T7 to subset T5 if there is a set S; € S such that
T1NS; =0 and T1 U S; = T». Intuitively, the edge (71, 72) in the DAG captures
the fact that, if the union of our present solution is 7%, then we can improve it
by including S; to get a solution whose union is 7. Thus finding a maximum
sized packing reduces to finding a longest path in the DAG which can be found
efficiently by standard dynamic programming technique.

Theorem 5. There is an algorithm for SET PACKING running in time O*(2141).

Proof. Given an instance (U,S) of SET PACKING, the idea is to construct a
graph G = (V, E) such that there is a vertex in G for every subset of U. For
a subset T" C U, let vp be the corresponding vertex in G. Then, add a labeled
directed edge from vertex vr, to vy, with label Sy € S if there is S € S such
that T; U Sy, = T; and T; N Sk, = 0. In other words, adding the set S to our
present solution, whose union is denoted by T;, is safe and results into a new
solution whose union is T;. First note that G can be constructed from (U, S) in
time O(2/4/|S||U|). Now we claim that there are £ pairwise disjoint sets in (U, S)
if and only if there is a path of length ¢ starting at vertex vy in G.

For one direction, suppose there is a path P = {vg, vpy, vy, - ,vr,} of length
¢ in G . Then, there are ¢ sets in S labeled by the edges of P that are pairwise
disjoint by construction. For the other direction, let S = {S1,52,---,S¢} be
pairwise disjoint sets in S. Now, fix some order on the sets of S and consider the
following sets, for i € [{], T; := J;_, Sj. Now consider the collection of vertices
P = {vg,, vy, - ,vp, }, where Ty := (). It is easy to see that P is a path in G
since there is an edge from vy, to vy, , in G, labeled by set S;+1 € S, for every
i€{0,1,--,0—1}.

Next we show how to find an £ length path in G starting vg in time O*(2/41).
First note that G is a directed acyclic graph(DAG) since every directed edge
(vr,,vr;) in G implies |Tj| > |T;|. Now we use standard dynamic program to
find an ¢ length path at vg. Rename the vertices of G to {0,1,---, N —1}, where
N =24l such that the vertex vy, is renamed to i € {0,1,---, N — 1} where i is
the number whose binary representation corresponds to the characteristic vector
X1, - Next, define a two dimensional bit array A such that for 0 <¢ < N —1 and
1<j<y,

+1

Al j] 1 if there is a path from vertex 0 to vertex ¢ of length j
i, 7] = i
J 0 otherwise

Computing bottom up, we can fill A in time O(£(N 4 M)), where M := 2/41|S]| is
the number of edges in GG, and then look for entry 1 in the array A[-, ¢]. Further,
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to find a path, we can modify the algorithm such that, instead of storing a bit,
Ali, j] now stores one of the paths (or just the preceding vertex of a path). Thus
we can find an optimal solution of SET PACKING in time O*(2/41), O

B Hardness of COMPACT 7-VECTORSUM

In this section, we give a proof sketch of Theorem Bl First, we define the problem.

Definition 6 (r-VECTORSUM). Given a collection C = {m,--- ,nN} of d di-
mensional vectors over Fy, a vector b € Fg, and an integer k, the r-VECTORSUM
problem asks if there is I C [N], |I| =k such that 3, ;n; = b, where the sum

is over F4. An instance of --VECTORSUM is denoted as (C,b,d,r).

COMPACT rm-VECTORSUM is defined when d = f(r) - O(poly(log N)), for some
f(r) > r. The hardness of COMPACT r-VECTORSUM follows from the following
theorem.

Theorem 6. There is an FPT-reduction that, for every instance T = (G =
(Va,Eg),H = (Vu, Ex), k) of SGI with |Vg| =n and |Eg| = m, computes p =
O(k!) instances L, = (Cp,l;, d,r),p € [u], of ~-VECTORSUM with the following
properties:

o d=06(klogn)
o |Cp| = O(n%k + mk)
or=0(k)

such that there is a subgraph of G isomorphic to H if and only if there exists
p € [u] such that there are at most r vectors in the instance J, that sum to b.

Proof Sketch. The first part of the reduction is, in fact, same as that described in
Theorem [ with a simple observation that any optimal packing in the instance
generated by Theorem [ is also a covering. This holds true in No case due
to Lemma [3] and it holds true in Yes case due to the complement exchange
property of the compatible ISS-pair gadget used in the construction. We call
such solution as ezxact cover. In the second part, we transform this instance of
Theorem [ to an instance of ~-VECTORSUM. The following definition is useful
for the transformation.

Definition 7 (Characteristic vector). Let U be a universe of q elements. Fix
an order on the elements of U = (e1,--- ,eq). For any set S C U, define the
characteristic vector Xs € F4 of S as follows. The t'" co-ordinate of s,

o L 1 ifet €S,
Xs(t) = {0 ifer & S.
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For every instance J, = (U, Sp, ), p € [1] generated by Theorem[d] we create an
instance £, = (Cp, l;, d,r) of r-VECTORSUM as follows. Rename the vertices of Vi

as {v1,--- ,v¢} such that v; :== v € Vi such that p(v) = i. Note that this induces
an ordering on Vg as v < --- < vy. Thus, for v; € Vg, we have an ordering on
N(vi) = {v}, -+ vy} as v < <y, Hence, for A € [d(v;)], we call v/,

as the A" neighbour of v;. Now, for v; € Vi, we define I; : N(v;) — [d(v;)] as
Ti(v;) :== X € [d(v;)], such that v; is the A" neighbour of v;. Next, we construct
vectors corresponding to the sets in S,. For every V-set Sqs,, for v; € Vg and
a € Vg, of Sy, define |U,| + ¢ + 2k length vector )'{’SQH” as follows.

XSanr, (t) i t € [[Up]],
XS, () =141 if t = |U,| +14,
0 otherwise.

Similarly, for every E-set S(q,g)(v;,0,), for (o, ) € Eg and (v;,v;) € Ep, define

2!
[Uy| + € + 2k length vector XS pys tvr.0p) 35 follows.

St sy (£) T EE [[Up]], ‘
it = (U] + ¢+ Z;_:l% d(vp) + Ii(4),
if t = |Up| + 04307 d(v,) + T(9),
otherwise.

—
XS(OMB)H(Uiﬂ!j) (t) L

S = o

Now consider the instance £, = (Cp, 5, d,r), where

—d:=|Uy| + 1+ 2k

— Cp = {X's}ses,

— b:=1, the all ones vector.
Before we prove the correctness, we define some notations. The first ¢ bits that
we appended to Xs are called V-indicator bits, and the next 2k bits are called
FE-indicator bits. The universe corresponding to V-indicator bits and E-indicator
bits is denoted as Uy and Us respectively.
Yes Case: From Theorem [ there is p € [u] such that J, = (U,,S,,r) has a
r-packing Sz’j C S, that covers U,. Then, consider the corresponding instance

L, = (Cp, b.d, r) of ~-VECTORSUM. Then, note that

Y xs=1=0

sesy

since S}, is a packing covering U;,. Hence {Xs}ses; C Cp is a solution to L.

No Case: Let W C Cp, |W| = r, be a solution of £, for some p € [u]. Let
T C S, be the corresponding collection of sets in [, to W. Let Ty, and Tg be
the V-sets and E-sets of T respectively. Let Wy and Wg be the set of vectors
corresponding to Ty and Tg respectively. We say vectors in Wy and Wg as
V-vectors and E-vectors respectively. Note that W = Wy, UWg as T = Ty UTx.
The following lemma is equivalent to Lemma
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Lemma 6. |[Wy| =/{ and |[Wg| = k.

Proof. First consider Wy, and note that only V-vectors have V-indicator bits
set to 1. Since a V-vector has at most one V-indicator bit set to 1, and there
are ¢ V-indicator bits set to 1 in b, it follows that |[Wy| > ¢. Now consider Wpg,
and note that only E-vectors have E-indicator bits set to 1. Since a E-vector
has at most two E-indicator bit set to 1, and there are 2k E-indicator bits set
to 1 in b, it follows that |Wg| > k. Since, |[W| = ¢ + k, we have |Wy| = ¢ and
|WE| =k. O

Now we claim that 7" is an exact r-cover in J,. It is sufficient to show T is
an r-packing since T' covers U,. To this end, note that Lemma [6] implies that
|Tv| = ¢ and |Tg| = k. This implies that that T |y, and T |y, is a packing.
Hence, T |y,uv, is a packing. Let Uj := Uy U Uy U Uz and Uy := Uy U Uz U Us.
Next consider Ty and note that each set in Ty covers exactly N elements of
Up. Thus, the total number of elements covered by Ty is at most /N. But then,
since Ty covers Uy and |Uy| = €N, it follows that the every set in Ty must
cover different elements of Uy. Hence, Ty |U6 is a packing. On the other hand,
Ty covers at most kN elements of U; as each set in Ty covers exactly %d(vi)
elements of Uy, for some v; € V. Since, T covers Uy, it must be that Tr must
cover at least kN elements of Uy, as |U;| = 2kN. Since each set in T covers N
elements of Uy, from Lemma [6lit follows that T covers at most kN elements of
Ui. Thus, the sets in T must cover different elements of Uy, and hence Tg |U{
is a packing. However, Tg |U{= Tg since sets in T only contain elements of Uj.
Hence, Tg is a packing. This means that 7y must cover at least kN elements of
Ui. Then, it follows that Ty [y, UTEg |y;=T |u; is a packing since we observed
above that Ty covers at most kN elements of U;. Thus, T is a packing as
T |lv,=Tv v, UTE |u,=Tv |u, is also a packing.

Now since T is an exact r-cover of Uy, we can use the No case of Theorem []
to recover the isomorphic subgraph of G to H, which finishes the proof. a
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