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essing, network routing, on-line algorithms.ABSTRACTIn this paper, we de�ne a multi-operation job s
hedul-ing problem with parallel ma
hines. What makes thisproblem unique is the added ma
hine order 
onstraints,whi
h require that only 
ertain ma
hine orders be usedfor the exe
ution of jobs. We study the 
omplexity ofthe problem and analyze two on-line greedy heuristi
s.In addition, we explore the relation of our s
hedulingproblem to a network routing problem.1 INTRODUCTIONThe s
heduling problem we 
onsider in this paper be-longs to the 
lass of multi-operation s
heduling problems[7℄, in whi
h the exe
ution of a job in
ludes multiple op-erations to be performed by ma
hines of di�erent types.These s
heduling problems often arise in industrial man-ufa
turing, produ
tion planning, and 
omputer 
ontrol[1℄. For example, 
onsider a large automotive garagewith spe
ialized workshops [5℄. A 
ar may require thefollowing work: repla
e exhaust system, align wheels,and tune up. Sin
e the three 
orresponding workshopsare in di�erent buildings, it is impossible to perform twooperations for a 
ar simultaneously. When there aremany 
ars requiring servi
es at the automotive garage,it is desirable to 
onstru
t a servi
e s
hedule that takesthe least amount of total time. To distinguish our prob-lem from the 
lassi
al multi-operation s
heduling prob-lems, we 
all ours the parallel multi-operation s
hedul-ing problem, where parallel ma
hines, instead of a singlema
hine, are available to perform a 
ertain type of op-eration.

In our parallel multi-operation s
heduling problem,there are m types of ma
hines, T1; : : : ; Tm, providingservi
es to n independent jobs, J1; : : : ; Jn. In the paral-lel pro
essing environment, ea
h set Ti 
ontains ki ma-
hines, Mi1; : : : ;Miki , of the same type and probablywith di�erent speeds (although in this paper we assumethat all ma
hines of the same type are identi
al). Forea
h job Jj , its exe
ution 
onsists of m operations to beperformed by one ma
hine of ea
h type, in the opera-tion order of T1; : : : ; Tm. In other words, job Jj will beexe
uted by ma
hine M1j1 of type T1, then by ma
hineM2j2 of type T2, et
., and �nally by ma
hine Mmjm oftype Tm. The entire exe
ution of a job must be sequen-tial and stri
tly in the given order. However, it is up tothe s
heduling algorithm to de
ide whi
h ma
hine Mijiof type Ti to use for the ith operation, but theoreti
ally,ji 
an be any integer between 1 and ki. Let p[Jj ; Ti;Mil℄be the pro
essing (exe
ution) time of job Jj on the lthma
hine Mil of type Ti, for 1 � j � n, 1 � i � m, and1 � l � ki. For notational simpli
ity, we will sometimesuse p[j; i; l℄ for the same de�nition.So far, the problem des
ribed is no di�erent fromthe previously studied hybrid 
ow shop s
heduling [6℄,whi
h is a multi-operation s
heduling problem with par-allel ma
hines and a �xed operation order to be fol-lowed by all jobs. However, what makes our prob-lem di�erent and likely more diÆ
ult is the so-
alledma
hine order 
onstraints imposed on the problem in-stan
es, whi
h arise in situations where some ma
hinesof di�erent types may be geographi
ally isolated or mu-tually in
ompatible so that they 
an not be 
hosen si-multaneously for the exe
ution of one job. For example,if job J1 
hooses ma
hineM11 of type T1 for its �rst op-eration, and M11 and ma
hine M23 of type T2 are not
ompatible to be used by the exe
ution of the same job,then job J1 is not allowed to use M23 for its se
ond op-eration. To enfor
e the 
onstraints, we de�ne a set offeasible ma
hine orders, 
alled F , where ea
h elementin F is an m-tuple, representing one possible ma
hineorder that may be used for the exe
ution of jobs. Set Fis given as a parameter of the problem instan
es.We de�ne the above s
heduling problem as an op-timization problem by employing the makespan of as
hedule as the obje
tive fun
tion. The goal is to 
on-stru
t a s
hedule with the minimum makespan, i.e., theminimum total elapsed time from the start of the �rstjob to the 
ompletion of the last job in a s
hedule.



We organize this paper as follows. In Se
tion 2,we give an NP-
ompleteness proof of the problem. InSe
tion 3, we de�ne and analyze two on-line heuristi
sbased on greedy strategies. In Se
tion 4, we explore therelation of the s
heduling problem to network routing.Finally, in Se
tion 5, we make our 
on
lusions.2 COMPUTATIONAL COMPLEXITYIn this se
tion, we restri
t our attention to the de
i-sion problem, i.e., given a bound B, is there a solutionto the parallel multi-operation s
heduling problem withthe makespan no larger than B? In parti
ular, we 
on-sider several spe
ial 
ases of the problem.First, we observe that when there is only one ma-
hine of ea
h type, i.e., ki = 1 for 1 � i � m, and F =f(M11;M21, : : : ;Mm1)g, the problem degenerates to the
lassi
al NP-
omplete 
owshop s
heduling problem [4℄.Se
ondly, when m = 1 and F = f(M11); (M12); : : :,(M1k1 )g, the problem then be
omes the single-operationmulti-ma
hine s
heduling problem, whi
h is also NP-
omplete [3℄. Next, we assume that the pro
essing timeof any job on ea
h ma
hine is either 1 or1, i.e., p[j; i; l℄is 1 or 1, for 1 � j � n, 1 � i � m, and 1 � l � ki.Sin
e its NP-
ompleteness is not as obvious as the pre-vious two spe
ial 
ases, we provide the proof in the fol-lowing theorem.THEOREM 1 The parallel multi-operation s
hedulingproblem with ma
hine order 
onstraints is NP-
ompleteeven when the pro
essing time of any job on ea
h ma-
hine is either 1 or 1.Proof Consider the NP-
omplete timetable design [2℄.Given a set of three work hours H = fh1; h2; h3g, a setof 
raftsmen C = f
1; 
2; : : :, 
mg, and a set of tasksT = ft1; t2; : : : ; tng. Let A(
) � H be the availablehours for 
 2 C, A(t) = H be the available hours fort 2 T , and R(
; t) = 0 or 1 be the required work hour for
 2 C on t 2 T . The problem asks to de�ne a fun
tionf : C �H � T ! f0; 1g su
h that (1) f(
; h; t) = 1 onlyif h 2 A(
); (2) 8
, 8h, there is at most one t for whi
hf(
; h; t) = 1; (3) 8h, 8t, there is at most one 
 for whi
hf(
; h; t) = 1; and (4) 8
, 8t, there are exa
tly R(
; t)values of h for whi
h f(
; h; t) = 1.Let us de�ne an instan
e for our s
heduling prob-lem. Assume there are two types of ma
hines, in T1and T2, respe
tively. Ea
h ma
hine in T1 is representedby a 
raftsman-hour pair and T1 = f(
; h)jh 2 A(
)g.Ea
h ma
hine in T2 is represented by an hour-task pairand T2 = f(h; t)jh 2 A(t)g. For the feasible ma
hineorders, let F = f(p; q)jp = (
; h) 2 T1; q = (h; t) 2 T2g,i.e., ea
h element (pair/order) in F 
onsists of two ma-
hines whose representations share the same work hour.For ea
h R(
; t) = 1, we 
reate a job, represented bythe 
orresponding 
raftsman-task pair (
; t). For thepro
essing times of the jobs, de�ne p[j; 1; l℄ = 1 if jobj = (
; t) and ma
hine l = (
; h) for some 
; h; t, de�nep[j; 2; l℄ = 1 if job j = (
; t) and ma
hine l = (h; t) forsome 
; h; t, and de�ne p[j; i; l℄ =1 otherwise. Finally,let the bound in the de
ision problem be 2.We 
laim that the timetable design problem has asolution f satisfying requirements (1)-(4) if and only if

there is a s
hedule with makespan 2 for the instan
e ofthe parallel multi-operation s
heduling problem.Assume that there is f : C�H�T ! f0; 1g satisfy-ing requirements (1){(4) in the timetable design prob-lem. Consider all triples (
; h; t) with f(
; h; t) = 1, ea
hof whi
h 
orresponds to a ma
hine order ((
; h); (h; t)),where (
; h) is a ma
hine in T1 and (h; t) is a ma
hinein T2. We use these ma
hine orders to form a set, F 0.Obviously, F 0 � F (due to requirement (1) and the de�-nition of F ). Be
ause of requirements (2) and (3), thereis no ma
hine appearing in more than one feasible ma-
hine order in F 0. Furthermore, be
ause of requirement(4), for ea
h job (
; t), there is exa
tly one ma
hine or-der, ((
; h); (h; t)), in F 0 whi
h yields a �nite total pro-
essing time. This means that all jobs 
an be exe
utedin parallel starting at time 0 and �nishing at time 2.Therefore, we have a s
hedule with makespan 2.Assume that there is a s
hedule with makespan 2 forthe instan
e of the parallel multi-operation s
hedulingproblem. Then there must be ma
hine-disjoint ma
hineorders in F , one for ea
h job. We de�ne f su
h thatf(
; h; t) = 1 if and only if ma
hine order ((
; h); (h; t))in F is used to exe
ute job (
; t). It is easy to verifythat requirements (1)-(4) are all satis�ed. Therefore,the timetable design problem has a solution.Sin
e the parallel multi-operation s
heduling prob-lem is in NP and a polynomial redu
tion from an NP-
omplete problem to the s
heduling problem exists, we
on
lude that the parallel multi-operation s
hedulingproblem with pro
essing times of 1 or1 is NP-
omplete.2 The NP-
ompleteness of the s
heduling problem in-di
ates that no polynomial-time algorithm has been de-signed to 
onstru
t optimal s
hedules for the problemand thus resear
h should fo
us on designing fast algo-rithms that give near-optimal solutions.3 ON-LINE ALGORITHMSIn a realisti
 situation, jobs are not available all at on
ebefore any s
heduling de
ision is made, but instead theyarrive one after another in a sequen
e J1; : : : ; Jn andhave to be pro
essed in the order given. We 
all algo-rithms that are able to pro
ess jobs one by one withoutknowledge of future jobs on-line algorithms.Competitive analysis is 
ommonly used to judge thequality of solutions produ
ed by an on-line algorithm.Let A be the on-line algorithm under 
onsideration andOPT be the optimal (o�-line) algorithm for the sameproblem. Furthermore, let CA(I) and COPT (I) be thevalues of the obje
tive fun
tion (makespan) when al-gorithms A and OPT are applied to instan
e I, re-spe
tively. If there are 
 (a 
onstant or a fun
tion ofthe size of I) and a (a 
onstant), su
h that CA(I) �
 �COPT (I)+a for any I, then we say that on-line algo-rithm A is 
-
ompetitive, where 
 is its 
ompetitive ratio.The 
-
ompetitiveness of an algorithm indi
ates that inthe worst 
ase the value of the obje
tive fun
tion of asolution produ
ed by the on-line algorithm is at most 
times that of the optimal solution.Next, we study two on-line algorithms, GREEDY1and GREEDY2, for our s
heduling problem, both based



on some greedy strategies. The �rst algorithm uses anaive greedy strategy, in whi
h for ea
h job Jj (j =1; : : : ; n), the algorithm pi
ks an arbitrary feasible ma-
hine order from F that yields a �nite total pro
essingtime for Jj , and s
hedules the job on those ma
hinesin a way that gives the smallest in
rease in the 
urrentmakespan of the s
hedule. In other words, the algorithmtries to balan
e the load of ea
h ma
hine at any time ofthe s
hedule. We 
all this algorithm GREEDY1.Sin
e the algorithm 
hooses a feasible ma
hine orderarbitrarily, it 
an not be avoided that some ma
hines beused heavily in some instan
es. As a matter of fa
t, inthe worst 
ase we 
an for
e one parti
ular ma
hine orderto be used over and over again by the exe
ution of allthe jobs.THEOREM 2 GREEDY1 is at least �(n)-
ompetitive,where n is the number of jobs.Proof Consider an instan
e I, where in ea
h Ti thereare n ma
hines, i.e., ki = n for 1 � i � m. Assume thatea
h of the m operations of a job takes unit time byany ma
hine of the 
orresponding type, i.e., p[j; i; l℄ = 1for 1 � j � n, 1 � i � m, and 1 � l � n. Also,let F = f(M1l;M2l; : : : ;Mml)j1 � l � ng. Clearly, jobJj 
an use ma
hine order (M1j ;M2j ; : : : ;Mmj) for itsexe
ution, and all jobs 
an be pro
essed in parallel fromtime 0 to time m. So the optimal makespan COPT (I) =m. See Figure 1.
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Figure 1. The optimal s
hedule.As for the s
hedule produ
ed by GREEDY1, sin
ema
hine orders are 
hosen arbitrarily from F , in theworst 
ase all jobs will be using the same ma
hine order,say (M11;M21; : : : ;Mm1). Therefore, jobs will line upfor the servi
e of a single ma
hine. It is easy to �gureout that CGREEDY 1(I) = m+ n � 1. See Figure 2.The ratio CGREEDY 1(I)COPT (I) = m+n�1m = �(n), whenm is a 
onstant. Sin
e we have found one instan
e(des
ribed above) whi
h yields a ratio of �(n), thenthe worst-
ase ratio among all instan
es must be atleast �(n). Therefore, GREEDY 1 is at least �(n)-
ompetitive. 2
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hedule.To improve the performan
e of a greedy algorithm,we have to adopt a smart strategy to sele
t ma
hine or-ders to spread the pro
essing load among all ma
hines.Here we propose another greedy algorithm, GREEDY2,where we de�ne �(M) to be the number of jobs thathave used ma
hine M for their operations so far intothe s
hedule. For ea
h job that 
omes in the on-linesequen
e, GREEDY2 always sele
ts a feasible ma
hineorder that 
auses the smallest in
rease, if at all, inmax8Mf�(M)g, also denoted by �max.THEOREM 3 GREEDY2 is at least �(pn)-
ompetitive,where n is the number of jobs.Proof We 
onsider an instan
e I with n on-line jobssu
h that n = 1+2+� � �+h = 12h(h+1) for some integerh. So h = �(pn). The jobs are denoted by Jil for 1 �i � h and 1 � l � i. Assume that there are two types ofma
hines, i.e., m = 2. Let T1 = fAilj1 � i � h and 1 �l � ig and T2 = fBilj1 � i � h and 1 � l � 2i � 1g.The set of feasible ma
hine orders, F , is the union ofsubsets, F1; : : : ; Fh, where for any 1 � i � h, Fi =f(Ai1; Bi1); (Ai1; Bi2); : : : ; (Ai1; Bii)g [ f(Ai2; Bi(i+1)),(Ai3; Bi(i+2)); : : : ; (Aii; Bi(2i�1))g. We de�ne the pro-
essing times in su
h a way that jobs Ji1; Ji2; : : : ; Jiihave no 
hoi
e but to use the ma
hine orders in Fi. Thatis, let p[Jil; T1; Ai1℄ = 1 for 1 � l � i, p[Jil; T1; Ai(l+1)℄ =1 for 1 � l � i � 1, p[Jil; T2; Bil℄ = 1 for 1 � l � i, andp[Jil; T2; Bi(i+l)℄ = 1 for 1 � l � i � 1. Set the rest ofp[�; �; �℄ to be 1.Let us 
onsider the optimal s
hedule. For job Jil,1 � l � i� 1, ma
hine order (Ai(l+1); Bi(i+l)) is 
hosen.For job Jii, ma
hine order (Ai1; Bii) is 
hosen. Sin
e noma
hine is used by more than one job, all jobs 
an beexe
uted in parallel from time 0 to time 2 (one unit forea
h operation). Therefore, COPT (I) = 2.Now for the greedy algorithm GREEDY2, �rst ini-tialize � to be 0 for all ma
hines. Assume that jobsare ordered J11; J21; J22; J31; J32; J33; : : :. For job J11,sin
e there is only one feasible ma
hine order (A11; B11),GREEDY2 pi
ks it and assigns the job on ma
hinesA11 and B11, for
ing �(A11) = �(B11) = 1, and hen
e�max = 1. Clearly, the 
urrent makespan is 2. Forthe next job J21 in the sequen
e, GREEDY2 has two
hoi
es, ma
hine orders (A21; B21) and (A22; B23). Sin
e



both 
an be used for the exe
ution of job J21 and nei-ther 
auses any in
rease in �max, GREEDY2 pi
k anarbitrary ma
hine order. Assume it is (A21; B21). Thenjob J22 
omes. Sin
e only ma
hine order (A21; B22) isfeasible for the job, GREEDY2 has no 
hoi
e but to se-le
t (A21; B22), for
ing ma
hine A21 to be used by twojobs, thus �max = 2. The 
urrent makespan is 3 afterthe �rst three jobs are s
heduled. Next 
onsider jobsJ31; J32; J33. If GREEDY2 happens to 
hoose ma
hineorder (A31; B31) for job J31 (this is 
ertainly a possibilitysin
e the sele
tion does not 
hange �max), then for thenext two jobs J32 and J33, the algorithm has no 
hoi
ebut to pi
k ma
hine orders (A31; B32) and (A31; B33),respe
tively. Thus �max = 3 and the makespan be-
omes 4. We 
ontinue this reasoning until the last groupof jobs Jh1; Jh2; : : : ; Jhh are s
heduled. We 
an see thatthe �nal value of �max is h and the makespan of thes
hedule is h+ 1. So CGREEDY 2(I) = h+ 1.The ratio CGREEDY 2(I)COPT (I) = h+12 = �(pn). Sin
e wehave found one instan
e (des
ribed above) whi
h yieldsa ratio of �(pn), then the worst-
ase ratio among allinstan
es must be at least �(pn). Therefore, the 
om-petitive ratio of GREEDY2 is at least �(pn). 2We are unable to prove the tight 
ompetitive ratiosfor GREEDY1 and GREEDY2, but preliminary experi-ments show that on average GREEDY2 performs mu
hbetter than GREEDY1, i.e., the makespan of the s
hed-ule 
onstru
ted by GREEDY2 is mu
h shorter than thatof the s
hedule 
onstru
ted by GREEDY1.4 A RELATED NETWORK ROUTING PROBLEMLet us 
onsider a network routing problem [8℄ [9℄. De�nea layer graph G = (V0[V1[� � �[Vm; E1[E2[� � �[Em),where V0; V1; : : : ; Vm are disjoint sets of verti
es and Eiis the set of dire
ted edges between verti
es in Vi�1 andVi. See Figure 3 for an example.
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7Figure 3. A layer graph with m = 2.In the network routing problem, the underlying net-work is des
ribed as a layer graph, where verti
es rep-resent pro
essors and edges represent message-passinglinks. Assume that n �les are to be transferred fromtheir pre-spe
i�ed sour
es in V0 to their pre-spe
i�eddestinations in Vm. The network routing problem asksto assign to ea
h �le a route between its sour
e and des-tination and 
onstru
t a s
hedule for ea
h �le so thatthe lo
ation of the �le is a

ounted for at ea
h instantof time and network resour
es are not over-utilized (as-suming that at any time only one �le 
an be traversinga link), with the goal to minimize the overall makespan.Using the link speed and �le length, it is easy to 
om-pute the time needed for a �le to traverse a 
ertain linkin the network.

We show in this se
tion that the above network rout-ing problem 
an be 
onverted to our parallel multi-operation s
heduling problem. However, as we shall seelater, the 
onversion does not hold true vi
e versa.Given a network graph with m+ 1 verti
al layers ofnodes, with the leftmost layer to be the possible sour
enodes and the rightmost layer to be the possible des-tination nodes. For ea
h edge in Ei, we de�ne a ma-
hine of type Ti. So the number of parallel ma
hinesof type Ti is jEij, and there are m types of ma
hinesaltogether. Ea
h path from a sour
e (in V0) to a des-tination (in Vm) 
orresponds a feasible ma
hine orderfor the exe
ution of jobs. For example, if edges (1; 3)and (3; 5) in a layer graph with m = 2 represent ma-
hines M11 and M21, respe
tively, and there is a path1! 3! 5 between sour
e node 1 and destination node5, then ma
hine order (M11;M21) is a member of theset of feasible ma
hine orders, F . For ea
h �le withsour
e sj and destination dj , we 
reate a job Jj whi
hhas to go through m operations. As for the pro
essingtime, we use the following prin
iple: If job Jj is 
reatedfrom a �le with �le length h and ma
hineMil of type Ti
orresponds to an edge with speed t, then p[Jj ; Ti;Mil℄,the pro
essing time of job Jj on ma
hine Mil of typeTi, is de�ned to be ht . However, there is one ex
eptionto this prin
iple. If the ma
hine's 
orresponding edge iseither the �rst or last edge on a path, then assign 1 top[Jj ; Ti;Mil℄ for the 
ase when the nodes on the edgedo not mat
h the sour
e sj or the destination dj . Thisprevents a job from sele
ting a ma
hine order when the
orresponding path in the network 
an not be used totransfer the �le from its sour
e to destination. For ex-ample, if edge (a; b) with a 2 V0 
orresponds to ma
hineM11, and �le f1 with sour
e 
 6= a 
orresponds to jobJ1, then p[J1; T1;M11℄ =1.Assume the graph in Figure 3 is used to transfer 3unit-length �les. For simpli
ity, assume the link speedis also unit. Let �le f1 = (1; 5), where node 1 is itssour
e and node 5 is its destination, �le f2 = (2; 5),and �le f3 = (1; 7). The following tables des
ribe the
orresponding instan
e for the parallel multi-operations
heduling problem. The �rst table shows the edge-to-ma
hine 
orresponden
e. The se
ond table shows thepath-to-order 
orresponden
e. The third table de�nesthe pro
essing times of the jobs.edge ma
hine(1; 3) M11(2; 3) M12(2; 4) M13(3; 5) M21(3; 7) M22(4; 5) M23(4; 6) M24Path Ma
hine order1! 3! 5 (M11;M21)1! 3! 7 (M11;M22)2! 3! 5 (M12;M21)2! 3! 7 (M12;M22)2! 4! 5 (M13;M23)2! 4! 6 (M13;M24)



p J1 J2 J3M11 1 1 1M12 1 1 1M13 1 1 1M21 1 1 1M22 1 1 1M23 1 1 1M24 1 1 1We 
an show that there is a solution to an instan
eof the network routing problem with layer graphs if andonly if there is a solution to the de�ned instan
e of theparallel multi-operation s
heduling problem with ma-
hine order 
onstraints. The formal proof is omitted inthis paper. In this one-way 
onversion, �les are mappedto jobs, edges are mapped to ma
hines of various types,and paths are mapped to feasible ma
hine orders. How-ever, the 
onversion does not hold true in the oppositedire
tion. That is, given any instan
e of the parallelmulti-operation s
heduling problem with ma
hine order
onstraints there is not always an equivalent instan
eof the network routing problem with layer graphs. Thereason for this 
laim is that feasible ma
hine orders donot ne
essarily de�ne paths in layer graphs. For exam-ple, assume m = 2 and F = f(M11;M21); (M11;M22),(M12;M21)g. Creating an edge for ea
h ma
hine, we geta network graph as shown in Figure 4. While for ea
hfeasible ma
hine order there is a 
orresponding path inthe graph (e.g., for ma
hine order (M11;M21), it is path1 ! 3 ! 4), there exists a path, 2 ! 3 ! 5, for whi
hthere is not a 
orresponding feasible ma
hine order sin
e(M12;M22) 62 F . So the feasible ma
hine order set Fdoes not uniquely de�ne the set of all paths in the net-work graph. Hen
e, the 
onversion from the s
hedulingproblem to the routing problem does not hold true.
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5Figure 4. A network graph.5 CONCLUSIONSIn this paper, we de�ned a s
heduling problem, in whi
hparallel ma
hines of various types are available to pro-
ess jobs 
onsisting of multiple operations. What makesour problem di�erent from all of the previously studieds
heduling problems is the added ma
hine order 
on-straints. We provided the NP-
ompleteness proof forthe problem, and designed and analyzed two on-linegreedy algorithms for the problem. We also gave ourobservation that a network routing problem 
an be 
on-verted to our s
heduling problem. However, the 
onver-sion does not stand vi
e versa.For future resear
h, we are interested in proving thetight 
ompetitive ratios for both greedy algorithms. Wealso wish to explore further the relation between thes
heduling problem and the routing problem. We sus-pe
t that many results developed for the network rout-ing problem may be applied to the s
heduling problem.

ACKNOWLEDGEMENTThis resear
h is supported in part by NSF grant NCR-9505963.Referen
es[1℄ Co�man, E. G. Jr.(1976), Computer and Job ShopS
heduling Theory, John Wiley and Sons, NewYork.[2℄ Evan, S., Itai, A., and Shamir, A. (1976), On the
omplexity of timetable and multi
ommodity 
owproblems, SIAM Journal on Computing, 5, 691{703.[3℄ Garey, M. R., Johnson, D. S. (1979), Computersand Intra
tability: A guide to the theory of NP-
ompleteness, Freeman, San Fran
is
o.[4℄ Garey, M. R., Johnson, D. S., and Sethi, R. (1976),The 
omplexity of 
owshop and jobshop s
hedul-ing. Mathemati
s of Operations Resear
h, 1, 117{129.[5℄ Gonzalez, T. and Sahni, S. (1976), Open shops
heduling to minimize �nish time, Journal ofACM, 23, 665{679.[6℄ Gupta, J. N. D. (1988), Two-stage hybrid 
owshops
heduling problem, Journal of the Operational Re-sear
h So
iety, 39, 359{364.[7℄ Lawler, E. L., Lenstra, J. K., Rinnooy Kan, A. H.G., Shmoys, D. B. (1990), Sequen
ing and s
hedul-ing: Algorithms and 
omplexity, Handbooks in Op-erations Resear
h and Management S
ien
e, Vol-ume 4: Logisti
s of Produ
tion and Inventory, S.C. Graves, A. H. G. Rinnooy Kan and P. Zipkin,ed., North-Holland.[8℄ Mao, W. and Simha, R. (1994), Routing ands
heduling �le transfers in pa
ket-swit
hed net-works. Journal of Computing and Information, 1,Spe
ial Issue: Pro
eedings of the 6th InternationalConferen
e on Computing and Information, 559{574.[9℄ Rivera-Vega, P. I., Varadarajan, R., and Navathe,S. B. (1990), S
heduling data redistribution in dis-tributed databases. Pro
eedings of the 6th Interna-tional Conferen
e on Data Engineering, 166-173.AUTHOR'S BIOGRAPHYWeizhen Mao re
eived her Ph.D. in 
omputer s
ien
efrom Prin
eton University in 1990. She then joinedthe fa
ulty of the College of William and Mary andis now Asso
iate Professor in the Department of Com-puter S
ien
e. Her resear
h interests are in design andanalysis of algorithms and 
ombinatorial optimization.She has published papers in the areas of bin pa
king,job s
heduling, network routing, and graph partitioningand mapping.


