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INTERVAL GRAPHS AND RELATED TOPICS 

Martin Charles GOLUMBIC” 

IBM Israel Scientific Center, Technion City, Haifa, Israel 

Interval graphs have engaged the interest of researchers for over twenty-five 
years. The scope of current research in this area now extends to the mathematical 
and algorithmic properties of interval graphs, their generalizations, and graph 
parameters motivated by them. One main reason for this increasing interest is that 
many real-world applications involve solving problems on graphs which are either 
interval graphs themselves or are related to interval graphs in a natural way. 

The problem of characterizing interval graphs was first posed independently by 
Hajos [45] in combinatorics and by Benzer [17] in genetics. By definition, an 
interual graph is the intersection graph of a family of intervals on the real line, i.e., 
to every vertex of the graph there corresponds an interval and two vertices are 
connected by an edge of the graph if and only if their corresponding intervals 
have nonempty intersection. However, this suggests a more general paradigm for 
studying various classes of graphs which can be described as follows. 

Let9=[&,..., S,] be a family of nonempty subsets of a set S. The subsets are 
not necessarily distinct. We will call S the host and the subsets Si the objects. In 
addition, there may or may not be certain constraints placed on the objects such 
as not allowing one subset to properly contain another or requiring that each 
subset satisfies a special property. The intersection graph of 9 has vertices 

Ul,...? II,, with Ui and vi joined by an edge if and only if Si n Sj # 0. We call the 
pair X = (S, 9) an intersection representation hypergruph for G or more simply a 
representation. When 9 is a family of intervals on a line, G is an interval graph 
and X is an interval hypergraph. If we add the constraint that no interval may 
properly contain another, then we obtain the class of proper interval graphs. 
When 9 is allowed to be an arbitrary family of sets, the class obtained as 
intersection graphs is all undirected graphs. 

On one hand, research has been directed towards intersection graphs of families 
having some specific topological or other structure. These include circular-arcs, 
paths in trees, chords of circles, cliques of graphs, and others [35]. On the other 
hand, certain well-known classes of graphs have subsequently been characterized 
in terms of intersection graphs. For example, triangulated graphs (every cycle of 
length 24 has a chord) are the intersection graphs of subtrees of a tree [21, 33, 
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Class-name Interaction Objects Host Constraints 

Interval graphs 

Proper interval 

graphs 

Circle containment 

graphs 

Path graphs 

Edge path graphs 

Local edge path 

graphs 

Circular-arc graphs 

Proper circular- 

arc graphs 

Interval containment 

graphs 

Rectangle 

intersection graphs 

Circle graphs 

Clique graphs 

Triangulated graphs 

Comparability 

graphs 

Rectangle 

containment graphs 

Intersection 

Intersection 

Containment 

Intersection 

Edge 
intersection 

Edge 
Intersection 

Intersection 

Intersection 

Containment 

Intersection 

Intersection 

Intersection 

Intersection 

Intersection 

Containment 

Intervals 
Intervals 

Circles 

Paths 

Paths 

Paths 

Arcs 
Arcs 

Intervals 

Rectinlinear 

rectangles or 

boxes 

Chords 

Maximum 

cliques 

Subtrees 

Curves 

Rectilinear 

rectangles 

or boxes 

Line 
Line 

Tree 

Tree 

Tree 

Circle 

Circle 

Line 

Plane 

Circle 

Undirected 

graph 
Tree 

Plane 

- 
No proper 

containment 
allowed 

- 

- 
- 

All paths must 

share a vertex 
- 

No proper 
containment 

allowed 
- 

- 

- 
- 

- 
Each curve is 

the graph of 

a function 
- 

Fig. 1. The table describing the classes of interval graphs, proper interval graphs, circle containment 
graphs, and others. 

721 and complements of comparability (cocomparability) graphs are the intersec- 
tion graphs of curves of continuous functions [42]. 

However, intersection is only one type of interaction between the objects which 
gives rise to a graph obtained from a representation 8’. Other types of interaction, 
such as overlap (Si and Sj intersect but neither contains the other), containment 
(either Si c Sj or Si 13 S,), or a measured intersection (see [40, 41]), give yet other 
kinds of graphs from X. Any of our classes of graphs can be described by filling in 
a table as in Fig. 1. 

This special issue of Discrete Mathematics brings together significant new 
results on a variety of problems involving interval graphs and other related classes 
of graphs as well as their representations by special families of sets. We will give 
an overview of these results followed by a discussion of a number of other 
directions of research. 
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An overview of this issue 

Special classes of interval graphs 

Benzaken, Hammer and de Werra [l] give a short proof that the class of 
interval graphs whose complements are interval graphs is equivalent to the split 
graphs having Dilworth number at most 2. A forbidden subgraph characterization 
is given for this class, and a linear-time recognition algorithm is also presented for 
them. 

Skrien and Gimble [lo] call an interval graph G homogeneously representable if 
for every vertex u there exists an interval representation of G in which the 
interval representing n is the left-most (or right-most) interval. They prove that an 
interval graph is homogeneously representable if and only if it has no induced 
subgraph isomorphic to the path on 5 vertices or the ‘A-graph on 5 vertices. 

Interval graphs and interval orders 

Fishburn [ 31 presents new and recent developments on the relationship between 
interval orders and interval graphs. An interval order is a partial order which is 
isomorphic to a family of intervals under the natural partial ordering where I < .I 
if I lies totally to the left of J. Fishburn considers several problems: the number of 
different interval lengths required to represent an interval order or an interval 
graph (the interval count), bounds on the lengths of the representing intervals, the 
number of distinct left (or right) endpoints that have to be used in a representa- 
tion, and the number of distinct interval orders that have the same comparability 
graph. The interested reader will certainly wish to continue study on this topic 
from Fishburn’s current book [30]. 

Interval thickness 

Kirousis and Papadimitriou [7] define the interual thickness of a graph G to be 
the smallest clique number B(H) over all supergraphs I-I of G, i.e., H is an 
interval graph on the same vertices as G and every edge of G is an edge of H. A 
node searching game played on an undirected graph G is introduced by the 
authors, and the node search number of G is the least number of searchers (or 
pebbles) needed to successfully clear all edges of G according to the rules of the 
game. It is shown that the interval thickness of G is equal to the node search 
number. As a corollary of previous results, they prove that computing the interval 
thickness of a graph is an NP-complete problem, but that checking whether the 
interval thickness is less than a constant can be done in polynomial time. These 
complexity results have also been discovered independently in [ 141. The interval 
thickness would be a very useful parameter in the application to electrical circuits 
described in [62]. 



116 M.C. Golumbic 

Multiple interval graphs 

A t-interval graph is the intersection graph of sets each of which is the union of 
t intervals on the real line. We often call these graphs multiple interval graphs. The 
interval number of a graph G is the least number t such that G is a t-interval 
graph. The interval number of a graph on n vertices is bounded above by 
[(n + 1)/41 and this is best possible. In their paper, ErdGs and West [2] investigate 
lower bounds on the interval number including the result that for almost all 
graphs the interval number is bounded below by n/4 lg n. Lower bounds on the 
interval number are also discussed in [58]. Scheinerman [9] considers the 
generalized notion of multiple intersection for higher dimensional analogues of 
intervals and for arbitrary families of sets. In most cases the generalized parame- 
ter goes to infinity as n goes to infinity. 

Intersection classes of graphs 

We have seen many different classes of intersection graphs being studied. 
Scheinerman [ 81 takes this one step further by investigating under what conditions 
an arbitrary class of graphs can be characterized as the class of intersection graphs 
of some specified family of sets. 

Edge intersection graphs 

As discussed earlier, one can vary both the type of sets that make up a 
representation X and the type of interaction between the sets that gives rise to 
the edges of the graph obtained from X. Examples of this are the overlap graphs 
of intervals on a line [35], the containment graphs of boxes in d-space [25, 371, 
and the edge intersection graphs of paths in a tree (EPT graphs) [39]. Two paths in 
a tree are said to edge intersect if they share an edge. In Golumbic and Jamison 
[4] it is shown that the recognition problem for EPT graphs is NP-complete. A 
characterization of the graphs which are both EPT and path graphs is also given. 
(Path graphs are the vertex intersection graphs of paths in a tree.) Syslo [ 111 then 
proves that every triatlgulated EPT graph is a path graph. This relationship is 
illustrated in Fig. 2. 

Fig. 2. The relationship between triangulated graphs, path graphs and EFT graphs. 
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Applications of clique separators 

The paper by Tarjan [ 121 contains an O(nm)-time algorithm to decompose an IZ 
vertex m edge graph by means of clique separators, i.e., finding complete 
subgraphs whose removal disconnects the graph. Such a decomposition can be 
used with divide and conquer techniques to obtain algorithms for exact or 
approximate solutions to the maximum stable set, minimum fill-in, chromatic 
number and maximum clique problem on certain classes of graphs. The results are 
then applied to triangulated graphs, clique separable graphs, and EPT graphs. In 
particular, the methods provide polynomial time solutions to the maximum 
weighted stable set problem on EPT graphs and to an approximation algorithm to 
color an EPT graph to within 1.5 times the minimum number of colors. 

Chromatic number and other parameters 

The chromatic number problem is also analyzed for relatives of interval graphs 
in the three remaining papers of this special issue. Teng and Tucker [ 131 give an 
O(qn)-time algorithm to determine if a proper family of arcs on a circle is 
q-colorable. This algorithm gives rise to an O(ns log n) algorithm for minimum 
coloring a proper family of arcs. GyArfas and Lehel[6] and Gyarfas [5] provide a 
variety of results for bounding the clique cover number in terms of the stability 
number and bounding the chromatic number in terms of the clique number for 
several classes of graphs, including circular-arc, multiple interval, circle, d- 
dimensional box, and multiple box graphs. 

Directions of current research 

The topics addressed in the papers comprising this issue represent a number of 
current research directions. We briefly survey several other recent results and 
potential applications which have appeared elsewhere. 

Applications of interval graphs 

Numerous applications of interval graphs have appeared in the literature 
including applications to genetic structure, sequential storage, scheduling, seria- 
tion in archaeology and others summarized in [35]. More recent real world 
applications include pavement deterioration analysis [32], macro substitution [ 36, 
381, file organization [34], protein sequencing [49], computer storage overlay [26], 
and circuit routing [50]. 

Triangulated graphs and acyclic hypergraphs 

It is by now well known that every interval graph is a triangulated graph, and 
that the triangulated graphs are exactly the intersection graphs of subtrees of a 
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tree. Recently, triangulated graphs have been found to have a connection with the 
theory of relational databases [15, 16, 18, 19, 24, 27, 28, 43, 59, 681. 

With issues such as inconsistency, computational efficiency and database dis- 
tributivity in mind, a number of researchers have defined and studied several 
basic, desirable properties of relational database schemes. What is most. remarka- 
ble is that all of these properties have been shown to be equivalent and, 
moreover, such a database scheme is equivalent to a family of subtrees of a tree. 
Furthermore, these acyclic or tree schemes characterize exactly when good 
behavior is achieved since database schemes which fail to satisfy any of these 
properties exhibit certain unpleasant, pathological behavior. This connection is 
described in more detail in [37]. 

Containment graphs 

The notion of the containment graph of a family 9 of subsets of a set was 
introduced earlier. Until recently only a few classes of containment graphs have 
been studied, for example, interval containment graphs. It is known that the 
containment graphs of rectilinear boxes (with sides parallel to the axes) in 
d-dimensional Euclidean space are precisely the graphs having partial order 
dimension at most 2d. As a corollary one obtains the result that recognizing 
whether a graph G is the containment graph of rectangles in the plane is an 
NP-complete problem [37]. 

Boxicity and spheric@ 

Roberts [64] has shown that every undirected graph on n vertices is the 
intersection graph of boxes in [n/21 -dimensional Euclidean space. Furthermore, 
the minimum dimensional space for which such an intersection representation is 
possible for a given graph G is called the boxicity of G. It has been shown that 
determining the boxicity of G is an NP-complete problem [23] and, moreover, 
that recognizing boxicity ~3 is NP-complete [73]. Boxicity = 1 is simply the class 
of interval graphs. The complexity of boxicity ~2 is still an open problem. The 
problem of sphericity, representing a graph as the intersection of spheres or unit 
spheres in higher dimensional Euclidean space, is studied in [29, 60, 611. 

Computational geometry of rectangles 

There has been great interest in several other computational problems concern- 
ing the geometry of rectangles. This interest is generated both for its own sake 
and by a number of practical applications including computer-aided design of 
VLSI circuits, numerical analysis and image processing [31, 44, 48, 51-57, 67, 
69-711. One such problem is the following: Given a set of n rectilinear boxes in 
the plane, report (in some order) all containments, (i.e., all m edges of the 
containment graphs.) This problem can be solved in O(n log* n + m) time [ 53,691. 



Interval graphs and related topics 119 

Acknowledgment 

It has been my pleasure to serve as editor of this special issue. First and 
foremost, I would like to express my deep appreciation to the authors whose 
papers comprise this collection. It is upon the merit of these papers that this 
special issue rests. I was assisted in my editorship by a number of colleagues who 
served as referees, and I thank them very much. My communication with several 
authors and referees was greatly enhanced by the use of electronic mail via 
networks such as ARPANET, BITNET and CSNET. The speed with which I was 
able to receive final reports, especially toward the end of 1984, enabled this issue 
to go to press months earlier than would have otherwise been possible. 

References 

[l] C. Benzaken, P.L. Hammer and D. de Werra, Split graphs of Dilworth number 2, Discrete Math 

55 (1985) (this issue). 

[2] P. Erdos and D. B. West, A note on the interval number of a graph, Discrete Math. 55 (1985) 

(this issue). 

[3] P.C. Fishburn, Interval graphs and interval orders, Discrete Math. 55 (1985) (this issue). 

[4] M.C. Golumbic and R. E. Jamison, Edge and vertex intersection of paths in a tree, Discrete 

Math. 55 (1985) (this issue). 

[S] A. Gyiirfls, On the chromatic number of multiple interval graphs and overlap graphs, Discrete 

Math. 55 (1985) (this issue). 
[6] A. Gyarfas and J. Lehel, Covering and coloring problems for relatives of intervals, Discrete 

Math. 54 (1985) (this issue). 

[7] L.M. Kirousis and C.H. Papadimitriou, Interval graphs and searching, Discrete Math. 55 (1985) 

(this issue). 
[8] E.R. Scheinerman, Characterizing intersection classes of graphs, Discrete Math. 55 (1985) (this 

issue). 

[9] E.R. Scheinennan, Irrepresentabihty by multiple intersection, Discrete Math. 55 (1985) (this 

issue). 

[lo] D. Skrien and J. Gimble, Homogeneously representable interval graphs, Discrete Math. 55 

(1985) (this issue). 
[ 111 M.H. Syslo, Triangulated edge intersection graphs of paths in a tree, Discrete Math. 55 (1985) 

(this issue). 

[12] R.E. Tarjan, Decomposition by clique separators, Discrete Math. 55 (1985) (this issue). 

[13] A. Teng and A. Tucker, An O(qn) algorithm to q-color a proper family of circular arcs, Discrete 

Math. 55 (1985) (this issue). 

[14] S. Arnborg, D.G. Corneil and A. Proskurowski, Complexity of finding embeddings in a k-tree, 

Royal Institute of Technology, Stockholm, Sweden, Technical Report TRITA-NA-8407 (1984). 
[15] C. Beeri, R. Fagin, D. Maier, A. Mendelzon, J.D. Ullman and M. Yannikakis, Properties of 

acyclic database schemes, Proc. 13th Ann. ACM Symp. on Theory of Computing (1981) 
355-362. 

[ 161 C. Beeri, R. Fagin, D. Maier and M. Yannakakis, On the desirability of acyclic database schemes, 

J. ACM 30 (1983) 479-513. 

[ 171 S. Benser, On the topology of the genetic fine structure, Proc. Nat. Acad. Sci. U.S.A. 45 (1959) 
1607-1620. 

[18] P.A. Bernstein and D. W. Chiu, Using semijoins to solve relational queries, J. ACM 28 (1981) 
25-40. 



120 M.C. Golumbic 

[19] P.A. Bernstein and N. Goodman, The power of natural semijoins, SIAM J. Comput. 10 (1981) 
751-771. 

[20] M.A. Buckingham and M.C. Golumbic, Partitionable graphs, circle graphs, and the Berge strong 
perfect graph conjecture, Discrete Math. 44 (1983) 45-54. 

[21] P. Buneman, A characterization of rigid circuit graphs, Discrete Math. 9 (1974) 205-212. 
[22] J.E. Cohen, The asymptotic probability that a random graph is a unit interval graph, indifference 

graph, or proper interval graph, Discrete Math. 40 (1982) 21-24. 
[23] M.B. Cozzens, Higher and multi-dimensional analogues of interval graphs, Ph.D. Dissertation, 

Rutgers Univ. (1981). 
[24] P. Duchet, Propriete de Helly et problemes de representation, Colloq. Internat. CNRS 260, 

Problemes Combinatoires et Theorie des Graphes, Orsay, France (1976) 117-118. 
[25] B. Dushnik and E.W. Miller, Partially ordered sets, Amer. J. Math. 63 (1941) 600-610. 
[26] J. Fabri, Automatic Storage Optimization (UMI Press, Ann Arbor, Michigan, 1982). 
[27] R. Fagin, Degrees of acyclicity for hypergraphs and relational database schemes, J. ACM 30 

(1983) 514-550. 
[28] R. Fagin, Acyclic database schemes of various degrees: a painless introduction, in: G. Ausiello 

and M. Protasi, eds., CAAP83 8th Colloq. on Trees in Algebra and Programming, Lecture Notes 
in Computer Science 159 (Springer, Berlin, 1983) 65-89. 

[29] P.C. Fishburn, On the sphericity and cubicity of graphs, J. Combin. Theory Ser. B 35 (1983) 
309-318. 

[30] P.C. Fishburn, Interval orders and interval graphs, (Wiley, New York, 1985). 
[31] R.J. Fowler, M.S. Paterson and S.L. Tanimoto, Optimal packing and covering in the plane are 

NP-complete, Inform. Process. Lett. 12 (1981) 133-137. 
[32] E.A. Gattass and G.L. Nemhauser, An application of vertex packing to data analysis in the 

evaluation of pavement deterioration, Oper. Res. Lett. 1 (1981) 13-17. 
[33] F. Gavril, The intersection graphs of subtrees of a tree are exactly the chordal graphs, J. Combin. 

Theory Ser. B 16 (1974) 47-56. 
[34] S.P. Ghosh, Y. Kambayaski and W. Lipski Jr., eds., Data Base File Organization: Theory and 

Applications of the Consecutive Retrieval Property (Academic Press, New York, 1983). 
[35] M.C. Golumbic, Algorithmic Graph Theory and Perfect Graphs (Academic Press, New York, 

1980). 
[36] M.C. Golumbic, Algorithmic aspects of perfect graphs, Ann. Discrete Math. 21 (1984) 301-323. 
[37] M.C. Golumbic, Containment graphs and intersection graphs, IBM Israel Scientific Center, 

Technical Report 135 (1984), presented at the NATO Advanced Study Institute on Ordered 
Sets, Banff, Canada (May 1984). 

[38]. M.C. Golumbic, CF. Goss and R.B.K. Dewar, Macro substitutions in Micro Spitbol-a 
combinatorial analysis, Proc. 11th Southeastern Conf. on Combinatorics, Graph Theory and 
Computing, Congress. Numer. 29 (Utilatas Math., Winnipeg, Canada, 1980) 485-495. 

[39] M.C. Golumbic and R.E. Jamison, The edge intersection graphs of paths in a tree, J. Combin. 
Theory Ser. B (1985). 

[40] M.C. Golumbic, and C.L. Monma, A generalization of interval graphs with tolerances, Proc. 13th 
Southeastern Conf. on Combinatorics, Graph Theory and Computing, Congress. Numer. 35 
(Utilitas Math., Winnipeg, Canada, 1982) 321-331. 

[41] M.C. Golumbic, C.L. Monma and W.T. Trotter Jr., Tolerance graphs, Discrete Appl. Math. 9 
(1984) 157-170. 

[42] M.C. Golumbic, D. Rotem and J. Urrutia, Comparability graphs and intersection graphs, 
Discrete Math. 43 (1983) 37-46. 

[43] N. Goodman and 0. Shmueli, Syntactic characterization of tree database schemes, J. ACM 30 
(1983) 767-786. 

[44] R.H. Guting, An optimal contour algorithm for iso-oriented rectangles, J. Algorithms 5 (1984) to 
appear. 

[45] G. Hajos, Uber eine Art von Graphen, Intern. Math. Nachr. 11 (1957) Problem 65. 
[46] P. Halin, Some remarks on interval graphs, Combinatorics 2 (1982) 297-304. 
[47] P. Hanlon, Counting interval graphs, Trans. Amer. Math. Sot. 272 (1982) 383-426. 
[48] H. Imai T. Asano, Finding the connected components and a maximum clique of an intersection 

graph of rectangles in the plane, J. Algorithms 4 (1983) 310-323. 



Inter& graphs and related topics 121 

[49] J.R. Jungck, G. Dick and A.G. Dick, Computer-assisted sequencing, interval graphs, and 

molecular evolution, Biosystems 15 (1982) 259-273. 

[50] A.S. LaPaugh, A polynomial time algorithm for optimal routing around a rectangle, Proc. 21st 

Annual IEEE Symp. on Foundations of Computer Science (1980) 282-293. 

[51] D.T. Lee, Maximum clique problem of rectangle graphs, in: F.P. Preparata, ed., Advances on 

Computing, (to appear). 
[52] D.T. Lee and J.Y.-T. Leung, On the 2-dimensional channel assignment problem, IEEE Trans. 

Comput. 33 (1984) 2-5. 

[53] D.T. Lee and F. Preparata, An improved algorithm for the rectangle enclosure problem, J. 
Algorithms 3 (1982) 218-224. 

[54] D.T. Lee and C.K. Wong, Finding intersections of rectangles by range search, J. Algorithms 2 

(1981) 337-347. 

[55] J.Y.-T. Leung, Fast algorithms for generating all maximal independent sets of interval, circular- 

arc and chordal graphs, J. Algorithms 5 (1984) 22-35. 
[56] W. Lipski and F. Preparata, Segments, rectangles and contours, J. Algorithms 2 (1981) 63-76. 

[57] W. Lipski and F. Preparata, Finding the contour of a union of iso-oriented rectangles, J. 

Algorithms 1 (1980) 235-246. Corrigendum: J. Algorithms 3 (1982) 301-302. 

[58] C. Maas, Some results about the interval number of a graph, Discrete Appl. Math. 6 (1983) 

99-102. 

[59] D. Maier, The Theory of Relational Databases (Computer Science Press, Rockville, MO, 1983). 

[60] H. Maehara, Space graphs and sphericity, Discrete Appl. Math. 7 (1984) 55-64. 

[61] H. Maehara, On the sphericity of the join of many graphs, Discrete Math. 49 (1984) 311-313. 

[62] T. Ohtsuki, H. Mori, T. Kashiwabara and T. Fujisawa, On minimal augmentation of a graph to 

obtain an interval graph, J. Comput. System Sci. 22 (1981) 60-97. 

[63] J. Orlin, M. Bonuccelli and D. Bovet, An O(n) algorithm for coloring proper circular arc graphs, 

SIAM J. Algebraic Discrete Methods 2 (1981) 88-93. 

[64] F.S. Roberts, On the boxicity and cubicity of a graph, in: W.T. Tutte, ed., Recent Progress in 

Combinatorics (Academic Press, New York, 1969) 301-310. 

[65] D.J. Skrien, A relationship between triangulated graphs, comparability graphs, proper interval 

graphs, proper circular-arc graphs, and nested interval graphs, J. Graph Theory 6 (1982) 

309-316. 

[66] D.J. Skrien, Chronological orderings of interval graphs, Discrete Appl. Math. 8 (1984) 69-83. 

1671 E. Soisalon-Soininen and D. Wood, An optimal algorithm to compute the closure of a set of 

iso-rectangles, J. Algorithms 5 (1984) to appear. 

[68] R.E. Tarjan and M. Yannakakis, Simple linear-time algorithms to test chordality of graphs, test 

acyclicity of hypergraphs, and selectively reduce acyclic hypergraphs, SIAM J. Comput. 13 
(1984) 566-579. 

[69] V.K. Vaishnavi and D. Wood, Data structures for the rectangle containment and enclosure 

problems, Comput. Graphics and Image Process. 13 (1980) 372-384. 

[70] V.K. Vaishnavi and D. Wood, Rectilinear segment intersection, layered segment trees and 

dynamization, J. Algorithms 3 (1982) 160-176. 

[71] J. van Leeuwen and D. Wood, The measure problem for rectangular ranges in d-space, J. 
Algorithms 2 (1981) 282-300. 

[72] J.R. Walter, Representations of rigid cycle graphs, Ph.D. Thesis, Wayne State Univ. (1972). 

[73] M. Yannakakis, The complexity of the partial order dimension problem, SIAM J. Algebraic 

Discrete Methods 3 (1982) 351-358. 


