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Appendices 



The Test Problems 

Data Format: 

n, rn 

gi, di, (ei-bi), bi 'r:/ i=l, ... ,n rows 

['t(hi, j) 'r:/ j=l, ... ,rn columns] 'r:/ i=l, ... ,n rows 

filenarne.dat 



8 4 
3 1.0 6.0 20.0 
4 5.0 6.0 14.0 
2 6.0 0.0 18.0 
4 1.0 8.0 12.0 
2 5.0 3.0 16.0 
4 5.0 2.0 1.0 
3 6.0 10.0 3.0 
4 1.0 2.0 18.0 
5.0 5.0 1.0 0.0 
9.0 0.0 6.0 5.0 
6.0 6.0 0.0 1.0 
6.0 6.0 0.0 1.0 
5.0 5.0 1.0 0.0 
o.o 9.0 6.0 5.0 
o.o 9.0 6.0 5.0 
6.0 6.0 0.0 1.0 
vsp08. dat 



10 6 
6 6.0 513.0 44.0 
1 9.0 555.0 66.0 
4 9.0 366.0 47.0 
6 6.0 620.0 2.0 
6 4.0 930.0 75.0 
6 13.0 223.0 56.0 
1 13.0 889.0 96.0 
2 4.0 820.0 68.0 
3 6.0 920.0 74.0 
6 6.0 181.0 41.0 
9.0 4.0 4.0 0.0 8.0 6.0 
9.0 4.0 4.0 0.0 8.0 6.0 
o.o 13.0 8.0 9.0 5.0 13.0 
9.0 4.0 4.0 0.0 8.0 6.0 
13.0 0.0 6.0 4.0 11.0 4.0 
o.o 13.0 8.0 9.0 5.0 13.0 
13.0 0.0 6.0 4.0 11.0 4.0 
9.0 4.0 4.0 0.0 8.0 6.0 
13.0 0.0 6.0 4.0 11.0 4.0 
9.0 4.0 4.0 0.0 8.0 6.0 
vspl0.dat 



50 11 
10 7.0 2.0 63.0 
4 7.0 2.0 52.0 
7 15.0 4.0 93.0 
10 12.0 3.0 76.0 
5 4.0 4.0 20.0 
5 4.0 1.0 98.0 
3 9.0 2.0 74.0 
9 12.0 0.0 96.0 
4 3.0 3.0 24.0 
1 14.0 0.0 32.0 
5 5.0 1.0 57.0 
7 4. 0 1. 0 50. 0 
6 4.0 2.0 87.0 
4 4.0 1.0 4.0 
6 5.0 2.0 10.0 
9 10.0 1.0 34.0 
4 4.0 0.0 89.0 
8 12.0 4.0 68.0 
11 9. 0 5. 0 84. 0 
9 6.0 4.0 67.0 
2 6.0 4.0 14.0 
9 10.0 1.0 14.0 
9 10.0 4.0 56.0 
3 9.0 2.0 25.0 
9 4.0 5.0 89.0 
5 4. 0 2. 0 13 . 0 
3 9.0 3.0 65.0 
3 6.0 0.0 79.0 
6 0.0 5.0 25.0 
7 14 . 0 4. 0 4 8. 0 
9 3.0 3.0 48.0 
2 8.0 1.0 35.0 
9 12.0 4.0 45.0 
2 8.0 4.0 55.0 
7 3.0 1.0 78.0 
4 13. 0 1. 0 68. 0 
7 11. 0 2. 0 31. 0 
7 11.0 2.0 61.0 
2 6.0 5.0 4.0 
2 3.0 2.0 65.0 
7 15.0 2.0 57.0 
2 5.0 3.0 17.0 
4 6.0 4.0 84.0 
10 8.0 1.0 54.0 
8 3. 0 1. 0 26. 0 
9 10.0 2.0 42.0 

, 10 7.0 1.0 26.0 
6 7.0 3.0 50.0 
4 15.0 3.0 12.0 
7 15.0 2.0 56.0 
10.0 0.0 6.0 6.0 3.0 0.0 8.0 5.0 10.0 7.0 8.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
16.0 10.0 10.0 3.0 6.0 11.0 15.0 12.0 0.0 4.0 5.0 
2.0 8.0 4.0 15.0 11.0 8.0 0.0 3.0 15.0 12.0 14.0 
17.0 6.0 13.0 0.0 4.0 7.0 15.0 12.0 3.0 6.0 7.0 
10.0 0.0 6.0 7.0 4.0 0.0 8.0 5.0 11.0 8.0 9.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
s.o 5.0 1.0 12.0 7.0 5.0 3.0 0.0 12.0 10.0 11.0 
16.0 10.0 10.0 3.0 6.0 11.0 15.0 12.0 0.0 4.0 5.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
s.o 6.o o.o 13.o 8.o 6.o 4 . o 1.0 10.0 8.o 9.o 
13.0 3.0 8.0 4.0 0.0 4.0 11.0 7.0 6.0 4.0 5.0 
13.0 3.0 8.0 4.0 0.0 4;0 11.0 7.0 6.0 4.0 5.0 
s.o 5.o 1.0 12.0 7.o 5.o 3.o o.o 12.0 10.0 11.0 



5.0 6.0 0.0 13.0 8.0 6.0 4.0 1.0 10.0 8.0 9.0 
13.0 3.0 8.0 4.0 0.0 4.0 11.0 7.0 6.0 4.0 5.0 
17.0 6.0 13.0 0.0 4.0 7.0 15.0 12.0 3.0 6.0 7.0 
5.0 6.0 0.0 13.0 8.0 6.0 4.0 1.0 10.0 8.0 9.0 
13.0 3.0 8.0 4.0 0.0 4.0 11.0 7.0 6.0 4.0 5.0 
17.0 6.0 13.0 0.0 4.0 7.0 15.0 12.0 3.0 6.0 7.0 
5.0 6.0 0.0 13.0 8.0 6.0 4.0 1.0 10.0 8.0 9.0 
5.0 6.0 0.0 13.0 8.0 6.0 4.0 1.0 10.0 8.0 9.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
13.0 7.0 8.0 6.0 4.0 8.0 12.0 10.0 4.0 0.0 1.0 
10.0 0.0 6.0 7.0 4.0 0.0 8.0 5.0 11.0 8.0 9.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
10.0 0.0 6.0 7.0 4.0 0.0 8.0 5.0 11.0 8.0 9.0 
10.0 0.0 6.0 6.0 3.0 0.0 8.0 5.0 10.0 7.0 8.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
17.0 6.0 13.0 0.0 4.0 7.0 15.0 12.0 3.0 6.0 7.0 
2.0 8.0 4.0 15.0 11.0 8.0 0.0 3.0 15.0 12.0 14.0 
5.0 5.0 1.0 12.0 7.0 5.0 3.0 0.0 12.0 10.0 11.0 
14.0 8.0 9.0 7.0 5.0 9.0 14.0 11.0 5.0 1.0 0.0 
5.0 5.0 1.0 12.0 7.0 5.0 3.0 0.0 12.0 10.0 11.0 
5.0 6.0 0.0 13.0 8.0 6.0 4.0 1.0 10.0 8.0 9.0 
13.0 3.0 8.0 4.0 0.0 4.0 11.0 7.0 6.0 4.0 5.0 
13.0 3.0 8.0 4.0 0.0 4.0 11.0 7.0 6.0 4.0 5.0 
17.0 6.0 13.0 0.0 4.0 7.0 15.0 12.0 3.0 6.0 7.0 
13.0 3.0 8.0 4.0 0.0 4.0 11.0 7.0 6.0 4.0 5.0 
17.0 6.0 13.0 0.0 4.0 7.0 15.0 12.0 3.0 6.0 7.0 
5.0 5.0 1.0 12.0 7.0 5.0 3.0 0.0 12.0 10.0 11.0 
13.0 7.0 8.0 6.0 4.0 8.0 12.0 10.0 4.0 0.0 1.0 
10.0 0.0 6.0 7.0 4.0 0.0 8.0 5.0 11.0 8.0 9.0 
2.0 8.0 4.0 15.0 11.0 8.0 0.0 3.0 15.0 12.0 14.0 
10.0 0.0 6.0 6.0 3.0 0.0 8.0 5.0 10.0 7.0 8.0 
10.0 0.0 6.0 6.0 3.0 0.0 8.0 5.0 10.0 7.0 8.0 

' 17.0 6.0 13.0 0.0 4.0 7.0 15.0 12.0 3.0 6.0 7.0 
2.0 8.0 4.0 15.0 11.0 8.0 0.0 3.0 15.0 12.0 14.0 
16.0 10.0 10.0 3.0 6.0 11.0 15.0 12.0 0.0 4.0 -5.0 
agvs50.dat 



Program listings 



Listing of Modules in the Object Library 



Di rectory o f OOJE:C'r library DU/\ 2: (JPCYRUS. 
Creation date: 3-SEP- 1987 20:15:10 
Revision da t e, 6- MAR - 1988 22:28:30 
Number of module s , 112 
Other entries: 2 39 
Recoverable de l e ted blocks: 72 
Max. Number history records, 20 
Library is in DCX data reduced f onnat 

ADDITIONAL WINOOW CLEAN 
ADVI\NCED SEQUENCE-
ANALYSE PROBLEM 
ANNEALED DECREASING SEQUENCE 
AOOTI-!ER TOPSORT -
AOOTHER- TOPSORT2 
AOOTHER=TOPSORT3 
ARBORESCENCE 
ARBOR_WS1CA2 
AUGMENT 
AUGMENTO 
AUGMENTED_DECREASING_SEQUENCE 
AUGMENT_BACK 
AUGMENT_YZ 
BALINSKI 
BC WINOOW REDUCTION 
BIG_VSP_GIVEN_S 
BUILD COST 
BUILD =PROBLEM 
BUILD SOLUTION 
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Listings of a Selected Set of Routines 



build_start_t imes () /* given predecessor li st, 
find start times of jobs. 

int 
float 

*/ 

input: predecessor [] : vehicles s hown as 0, 
problem data 

requires : t opol ogical sort 
output: start_time[]; 

i,j,k,loc,jj,veh,follower[DN],point[DN),ord[DN]; 
deadheading,sij; 

for( i-1; i<-num_tasks; i++) for( j - 1; j <-num_tasks; j++) f _ad j _ma trix [i l [j J- 0; for(j-l;j<-nwn_tasks;j++)[ 
i-predecessor(j]; 
if ( ! i )continue; 
if ( i>num_tasks) [ predecessor [j )-0 ;continue; ] 
if(adj_matrix[i] [j))f_adj_rnatrix[i] [j]-1; 
else predecessor[j]-0; 

l 
sort_flag-0;cycle_flag- l;topological_sort(); 

for(i-0;i<-num_tasks;i++){ 
follower Ii l -0; 
point[i]-0; 

for(i-l;i<-num tasks ; i++)( 
follower[predecessor[i]]-i; 
start time[i]-est[i]; 
ord[ts_nurnber(i]]-i; 

J 
follower[0]-0; 

veh-0;loc-0;deadheading-0; 
for(jj-l;jj<-num_tasks;jj++)( 

-ord[jj]; 
- predecessor [ j l ; 
f < ! i > I 

veh++;loc-1; 
i-j; 
start_time[i]-est[i) ;point[i)-1; 
veh_queue[veh] [loc)-i;veh_que ue[veh) [0] - loc; 
assigned_vehicle[i)-veh; 
while(follower[i]&&!point[fo llower[i)])( 

k-follower Ii]; 
sij-s tart_time[i]+duration[i]+tj[i] [origin[k]]; 
if(sij>lst[k] )[ 

]e lse[ 

for(jj-l;jj<-num_tasks;jj++){ 
j-ord[jj]; 
i ~predecessor[j]; 
if(!point[j])[ 

veh++;loc~l ; 
start_ tirne[k] ~es t[k];point(k] - 1; 
ve h_queue [veh] [ loc] -k; 
veh_que ue[veh) (0] - l oc; 
assigned_vehicle(k]~veh; 
i-k; 

if(sij<est [k] )sij~est[k]; 
start_ time[k] -sij;poin t [k] - 1; 
l oc++ ;ve h_queue[veh] [l oc)~k; 
veh_queue[veh] [0]-loc; 
assigned_vehi c le[k] - veh; 
deadheadi ng+~t j[i] [orig i n[k]]; 
i-k; 



veh++;loc-1; 
i-j; 
start_time[i]-est[i];point[i]-1; 
veh_queue[veh] [loc]-i;veh_queue[veh] [0]=loc; 
assigned_vehicle[i]-veh; 
while(follower[i]&&!point[follower[i]])[ 

k- follower[i]; 
sij=start_time[i]+duration[i]+tj[i] [origin[k)); 
if(sij>lst[k] J [ 

]else[ 

veh++;loc~l; 
start_time[k] - est[k];point[k]-1; 
veh_queue[veh] [loc]=k; 
veh_queue[veh] [0]=loc; 
assigned_vehicle[k]=veh; 
i=k; 

if (sij<est [kl Jsij=est[k]; 
start_ time[k]-sij;point(k]=l; 
loc++;veh_queue[veh] [loc]=k; 
veh_queue[veh] [0]=loc; 
assigned_vehicle[k]=veh; 
deadheading+-tj[i] [origin[k]]; 
i =k; 

if ( veh_queue [ veh] (1 J-=0 Jprintf ( "\n\tError in build_start_ times () "); 
veh_queue[0] [0]-veh; 

vehicles-veh; 
final deadheading-deadheading; 
k-l00OO•vehicles+(int)(amult•final_deadheading); 

if(show_flag)printf( 

"\n\tStart time building gives \d vehicles and \3.lf deadheadiog", 
vehicles, final_deadheading); 

return k; 



build_start_times_for_graph(adj,s) /* 

int 
float 
I 

adj II IDNJ; 
s[J; 

int 
int 
float 

i,j,k,ii,jj; 
order[DN]; 
sij; 

*/ 

generate a set of start times 
that are feasible for 
the acyclic graph in adj I] , 
and put them in sl] 

for( i-1; i <-nwn_tasks; i++) for( j-1; j <=nwn_ tasks; j++) 
f_adj_matrix[i] [j]-adj(i] [j]; 

cycle_ flag•O; 
sort_flag-0; 
topological_sort(); 

if( !acyclic_fiag)( 
if(show_flag)printf( 

"\n\tError in build_start_times_for_graph(): The graph is not acyclic"); 
return O; 

for(i-l;i<-nwn_tasks;i++)( 
orderlts numberli)]-i; 
s[i)-est(i]; 

l 
for(jj-l;jj<-nwn_tasks;jj++){ 

j-order I j j I ; 
for(i-l;i<-nwn_tasks;i++)if(adj (i] [jl) I 

sij-s(i]+durationli]+tj Ii] [originlj]]; 
if(sij>lstlj))goto infeasible; 
else if(sij)s(j])slj]-sij; 

if ( show_flag) printf ( "\n\tthe graph is feasible"); 
return 1; /* success: feasible graph • / 

infeasible: if (show_flag) printf ( "\n\tthe graph is infeasible"); 
return O; 



casg_vsp() /* Hungarian Algoritlun fo r the Ass ignme nt Problem 
with VSP constraints 

input: cost(J(J,nwnber 
output : col(] (predecessors) */ 

nt row[DN),lm[DMJ,ml[DN]; 
nt cm(DM],mc[DN); 
nt adj(DN) (DN); 

int i,j,k,icout,inf,zero,lheur,m.in,il,jc,ill,jcl,kc,kl,ii; 

n_gbl-0; 
lheur-icout-zero-0; 
inf-infinity; 

k-0; 
for(i-l;i<-number;i++)for(j-l;j<-number;j++)[ 

if(cost(i) (j) <k)k-cost[i] [j); 
adj Iii [j I -adj_matrix Ii I [j I; 

I 
for(i-l;i<-number;i++)for(j-l;j< =nwnber;j++) 

if(cost[i) (j]<lOOOO)cost[i) [j)--k; 

ii-0; 
row[O)-col[0)-0; 
for(i-l;i<-number;i++)[ 

I 
if(iil I 

row(i]-col[i]-0; 
for(j-l;j<-nwnber;j++)( 

printf( 

if ( cost [ i) (j J <inf) lheur+=cos t [ i I [j I ; 
if (cost (ii I j I <O) ii++; 

"\n\tError in casg_vsp(): \d negative elements in cost matrix", 
ii); 

return; 

for(j-l;j<-number;j++)( 
min-cost[l) [j]; 
for(i-2;i<-nwnber;i++)if(min>cos t(i) [j))min- cos t(i] [j); 
if (min--inf) I 

printf("\n\tError in cas g_ vs p(): AP infeasible"); 
return; 

I 
for(i-l;i<-nwnber;i++)[ 

if(cost(i] (j]-- inf)continue ; 
cost[i) [j]-91lin; 

icout+=m.in; 

for(i-l;i<-number;i++)[ 
min-cost[i] [11; 
for(j-2;j<-nwnber;j++)( 

I 

if (min> cost Ii I I j I )min=cos t [ i I I j I ; 
if(!min)goto one ; 

if (min- -inf) I 
printf("\n\tError in cas g_vsp(): AP infeas ible "); 
return; 

I 
for(j - l;j<- number;j++)( 

if(cost(i) (j] --inf)continue ; 
cost(i) (j] --min; 

one: icout+•=min; 
I 



top: 

ford: 

for(i-l;i<-numberj·i++)for(j-l;j<- nurnber ;j++)[ 
f (col[ j I I cost [ i I [ j I )continue; 
f(adj Iii [jl l I 

if ( ! is_ ij_feasible ( i, j , col, row, 0) )continue; I 
row[i]-j; 
col[j)-i; 
zero++; 
break; 

/* Ford-Fulkerson */ 
for(i-l;i<-number;i++)ml[i]-mc[i] - 0; il-jc-O;ill-jcl-1; 

for(i-l;i<-number;i++)( 
if(row[i] )continue; 
il++; 
lm[il)-i; 
ml[i)-inf; 

I 
if(!il)goto quit; 

/* Colwnns */ 
columns: kc- 0; 

for(k-i ll;k<-il;k++)( 
i-lm[k]; 
for(j-1 ; <-number;j++)( 

f (cost [i] [j] >O I lmc [j] >O I I row [ i) -- j )continue ; f(adj Ii] [j] l I 
if( !is_ij_ feasible(i,j,col,row,O))continue; 

rows: 

I 

kc++; 
jc-jcl+kc-1; 
mc(j]-i; 
cm[jc]-j; 
if (!col [j] )goto modify; 

ill-il+l; 
if(!kc)goto iterate; 

/* Rows */ 
kl-0; 
for(k-jcl;k<-jc;k++)[ 

j-an[k]; 
i-col[j]; 
if(ml[i)>O)continue; 
ml(i]-j; 
kl++; 
il-ill+kl-1; 
lm[il) - i; 

l 
jcl-jc+l; 
if(!kl)goto iterate; 
else goto colwnns; 

/* Modify along the chain, until the chain e nd s 
modify: i-mc(j]; 

col[j] - i; 
row[i] - j; 

if(adj [ii [jJ l I 
if ( ! i s_ij_feas i bl e ( i, j , co l , rnw, 0)) [ 

*/ 



1· 

drop: 

if ( show_flag) printf ( "\n\ tid, %d infeasible", i, j); 
row[i]-0;col[j)-0;mc[j]-0; 
cost[i) [j]-10000; 
adj[i] [j]-0; •I 
n_gbl++; 
if(ml[i] -~inf)goto drop; 
goto modify; 

zero++; 
j-ml[i); 
if(j--inf)goto drop; 
zero--; 
goto modify; 
if(zero--number)goto quit;else goto ford; 

1• Modify cost matrix again •1 
iterate: min- inf; 

quit: 

for(k-l;k<-il;k++)( 
i-lm[k]; 
for(j•l; <-number;j++)( 

f (me [j) >0)continue; 
f(min>cost[i) [j)) I 

if(adj [i] [j]) I 
if(is_ij_feasible(i,j,col ,row,0))min-cost[i) [j]; 
]else min•cost[i) [j] ; 

for(i•l;i<·number;i++)[ 
if(ml[i] >0)( 

for(j-l;j<-number;j++)( 
if(mc(j]>0)continue; 
if(cost[i] [j) !·inf)cost[i] [j] - -min; 

continue; 
I 
for(k-l;k<-jc;k++)( 

j•cm[k); 
if(cost[i) [j) !•inf)cost[i) [j]+'"ffiin; 

icout+•(il-jc)•min; 
if(icout<lheur)goto ford; 

if ( show_flag)printf ( "\n\tChecking feasibilities l"); 
for(j•l;j<•number;j++)predecessor[j]•col(j]; 
for(j•l;j<-number;j++){ 

i-col[j); 
if( !adj_matrix[i] [j)) [co l[j) - 0;row[i)-0;} 

I 
k•0; 
for(j•l;j<-number;j++)( 

i•col[j); 
if ( i) (if ( ! is_ij _ fea s ible( i, j ,col, row, 1) )kH;} 

I 
for(j•l;j<·number;j++)col[j]•predecessor [j]; 
if( s how_ flag)printf( "\n\t%d infeasible links" ,k); 
icout• infinity; 
return k; 

if(icout>lheur)goto ford; 
if ( show_flag)printf ( "\n\tChec king feasibilities 2"); 
for( j-1; j <• number; j++)predecessor [ j I -col [ j}; 
for(j•l;j<-nurnber;j++){ 

i-col [j); 
if ( ! adj_matrix Ii I [ j l l I col [ j I ~0; rnw Ii I ~0; I 



J 
k-0; 
for(j-l;j<-number;j++)( 

-col[j); 
f(i)(if( !is_ij_feasibl e (i,j ,col,row, l))k++;] 

) 
for(j-l;j<-number ; j++ )col[j)-predecessor [j]; 
if(show_flag)printf( "\n\t\d infeasible links" ,k); 

return k; 

is_ij_feasible(i_node,j_node,pred,foll,f_flag ) 
/• i_node, j _node node- pair to be checked 

pred[J predecessor list 

•1 

foll[) follower list (must correspond to pred[)) 
f_flag if -1, calculate start times 

int i_node,j_node,pred[J ,foll[),f_flag; 
( 

int 
iot 
float 

i,j,k,ii,pointer[DN]; 
start node,end node; 
sij; - -

;• vehicle start (i_node>num_tasks ) 
or end (j_node>num_tasks) i s always feasible •; 

if(!i_nodel l(i_node>num_tasks))( 
if(j_node<-num_tasks)[ 

if(f_flag)start_time[j_node )-es t[j_node]; 
) 
return ii-1; 

if(lj_ nodel l(j_node>num_tasks))return ii-1; 

if(i_node- -j_node)return ii-0; 

for(i-l;i<-number;i++)pointer[i)-0 ; 

;• find start node •; 

; • infeasible becaus e i-j •; 

;• marker for examined nodes•; 

start_node-O;k-pred[i_node);pointer[i_node ] - 1; 
while(k&&k<-num_tasks)( 

) 

if(pointer(k)) I 
if(show_flag)printf("\n\tlnternal cycle l"); 
return ii-0; 

I 
pointer(k)-1; 
start_node-k; 
k-pred[k]; 

for.( i-0; i <-number; i ++)pointer Ii J-0; 
if(!start_node)(sij-O;goto nextl;) ; • preceeded by vehicle or O •; 

;• check feasibility up to i_node •; 
j-start_node;k-foll[start_node];sij - O; pointer (j] - 1; 
if(f_flag) s tart_time[j]-est[j) ; 
while(k) I 

if(pointer[k]) I 
if(show_flag)prin tf ( "\n\tE::rro r: Internal cycle 2"); 
return ii-0; • 

I 
pointer[k]-1; 
sij+-float_array[j] [k]; 
if(sij<O)sij-0; 
if(sij>window[k] )return ii ~O; /* in[ca:,ible befor·c i node */ 
if ( f_flag )start_ time [k] - est I k I +s i j; -
if(k-- i_node)break; 
j • k;k- foll(j]; 



j• check feasibility of (i_node,j_node ) */ 
nextl: pointer[j_node]-l;pointer[i_node] - 1; 

sij+-float_array[i_node][j_node]; 
if(sij<O)sij-0; 
if(sij>window[j_node))return ii-0; /* infeasible at i _node,j_node */ 
if(f_flag)start_time[j_node]-est[j_node]+sij; 

j• check fesibility frcxn j_no<le forward •/ 
j-j_node;k-foll[j_node]; 
while(k&&k<-num_tasks)( 

if(pointer[k]) I 
if (show_flag) printf ( "\n\tError: Interna l cycle 3"); 
return ii-0; 

l 
pointer[k]-1; 
sij+-float_array[j] [k]; 
if(sij<O)sij-0; 
if(sij>window[k])return ii - 0; /* infeasible afte r j_node */ 
if(f_flag)start_time[k]-es t[k]+sij; 
end_node-j-k;k-foll[j); 

return ii-1; 1• the link is fea s ible •I 



convert_up_s_to_yz(y,z) 1• 

float y [] , z [ ] ; 

convert start times to time window variables 
in a forward con s truction •I 

I 
int i,j,k,l,jj,foll(DM); 
float sij,sji,tflo; 

zero_one-O;directed_flag-O;veh_inf-10000; 
solve_vsp_given_s(); 
for(j-l;j<-2•nwn_tasks;j++)foll[j]-O; 
for(j-l;j<-nwn_tasks;j++)( 

i-col(j); 
if ( i>nwn_tasks) I col [j] -num_ tasks+j ;continue;] 
if ( ! i)col [ j J-j+nwn_tasks; 
sij-start_time[i)-start_time[jJ+duration[i)+tj[i] [origin[j)]; 
if(sij>O)col(j]-j+nwn_tasks; 

l 
for(j-l;j<-num_tasks;j++)( 

i-col[j); 
foll(i]-j; 

I 
for(i-l;i<-num tasks;i++)if( ! foll[i] )foll[i] ~num tasks+i; 
for(i-l;i<-num=tasks;i++)y[i]-z[i]-start_time[il7 

jj-0; 
for(j-l;j<-num_tasks;j++)[ 

l 

- col [j]; 
f(i>nwn_tasks&&foll[i])( 

k-foll[i];foll[i]-0; 
z[k]-est[k]; 
while((l-foll[k]))[ 

foll[k]-0; 
if(l>num_tasks)(y[k]-lst[k];break;] 
sij-y[k]-z[l]+duration[k]+tj[k] [origin[l]]; 
if(sij>-O)(k-l;continue;] 
jj++; 
if(-sij<-(z[l]-est[l]))z[l]+-sij; 
else( 

l 
k-1; 

tflo- -sij - z[lJ-lest[l]; 
z(l]-est(l]; 
if(tflo<-(lst[k] - y[k]))y[k]+- tflo; 
else y[k]-lst[k]; 

if(show_flag)printf("\n\tconvert ups to (y,z): %d changes",jj); 
return jj; 

convert_down_s_to_yz(y,z) 1· convert start times 

float y(] ,z[]; 
I 

int 
float 

to time window variables 
in a backward construction 

i, j, k, 1, jj, foll [DM], pred [DM]; 
sij,sji,tflo; 

zero_one~O;directed_flag~O;veh_ int ~lOOOO; 
solve_vsp_given_s(); 
for(j - l;j<-2•num_tasks;j++)pred[j)~folllj)~O; 
for( j-1; j <- num_ tasks; j++) ( 

i-col[j); 
if(i>num_ ta s ks ) [col lj) ~nu111 t a,;k s ♦ "j; , :n 11t in11e; } 

·1 



if(!i)col[j)-j+num_tasks; 
sij-start_time[iJ-start_time[jJ+duration[i]+tj[i) [origin[j)J; if(sij>O)col[j)-j+num_tasks; 

I 
for(i-l;i<•2*num_tasks;i++)[ 

foll[col[iJ] - i; 
pred[i)-col[i); 

I 
for(i-l;i<-num_tasks;i++)if(!foll[i))foll[iJ-num_tas ks+i; 
for(i-l;i<-num_tasks;i++)y[i)-z[i) - start_time[i); 
jj-0; 
for(i-1; 

I 

<-nurn tasks;i++)[ 
-toll[il; 
f(j>num_tasks&&pred(j))( 

1-pred[j);pred[j)-O; 
y[l)-lst[ll; 
while((k-pred[l)))( 

pred[l)-0; 
if(k>num_tasks)[z[l)~est[l] ;break;) 
sij-y[kJ-z[lJ+duration[kJ+tj[kJ [origin[l)J; 
if(sij>- 0)(1-k;continue;] 
jj++; 
if(-sij<- (lst[kJ - y[kJ ))y[kJ --sij; 
else[ 

l 
l ~k; 

tflo- -sij+y[kJ - lst[k]; 
y[k] - l s t[kl; 
if(tflo <-(z[lJ - est[l)))z[l] --tflo; 
else z[l) ~est[l); 

if(show_flag)printf("\n\tconvert downs to (y,z): \d changes",jj); 
return jj; 



decreasing_sequence (y,z) j• construct a decreasing sequence 
beginning at (y,z) 

float 
I 

y(J ,zl I; 

int 
int 
float 

and return the final cost 
•j 

i,j,k,l,ii,jj,best_i,bes t _ j,update_flag; 
best_cost,zeta,current_cost,lower_bound_cost,repeat_count; 
ti , tjj,tflo,sij,sji,delta,di,dj,yy ,zz; 

l_gbl-k_gbl-O ;best_cost-infinity;update_f lag- 0; 
start: /* initial lower bound: limit on improveme nt •f 

if(show_flag)printf("\n\tNew lower bound"); 
lower_bound_cost-ub_value_of(z,y);l_gbl++; 
repeat_count-0; 

stl, k_gbl++ ; 
/* find f(Y , Z) with VSP reduced costs •; 
curren t_cos t-current_ub_value_of (y, z ) ; l_gbl++; 

if(current_cost --best_cost)repeat_count++; 
else{ 

/• if(update_flag)open_windows (y , z,label); • ; 
best cost-current cos t; 
repeat_count-0; -

I 
if(best_cost-- lower_bound_cost )( 
;• update_flag-1; 

open_windows(y,z,label); 
if(show_ flag)printf("\n\tNew l ower bound"); 
lower_bound_cost-ub_value_o f(z ,y) ;l_gbl++; 
r epeat _count-0; •I 
if(best_cost--lower_bound_cost)goto the_end; 
else{current_=st-current_ub_va lue_of(y,z);l_gbl++;) 

/• step 2 : find best available improvement based on feasibilities•/ 
ii-jj-i_gbl-j_gbl-0; 
best_ i-best_j-0; 
k-zeta-infinity; 
tjj-0; 
for(i-l;i<-num_tasks;i++)for(j -l;j<-num_ t asks;j++)( 

ii-cost(i] (j]; 
if(ii-- infinityl lii>-O)continue; 
sij-y(i]-z[j]+duration(i]+tj (i] [origi n[j) I; 
di-y(i]-z(i]; 
dj-y(j] - z[j]; 
if(sij<- OI l<di+dj)<sij)continue; 
j_gbl++; 
if(ii<k) (k-ii;best_i-i;best_ j - j; I 

l . 
if(!bes t_j)goto the_end; 

/* find best (y,z) combination for (i , j) • ; 
i-best_ i ; j - best_j; 
sij-y[i]-z[j]+duration(i]+tj [i] (origin(j]]; 
di-y[i] - z(i]; 
dj-y[j] - z(j]; 
if(di<si j)de lta-di;els e delta-sij; 
for(ti - O;ti<-delta;ti+- 1)( 

yy- y(i]-delta+ti; 
tflo-s ij-delta+ti; 
if(tflo <-dj)zz-z[j]+t flo;else brea k; 
1-0;i_gbl++; 
for( ii-1; ii <- num_tasks; ii++) ( 

sji-y(ii] - zz+dura tion[ii]+tj (ii] [o rig in[j]] ; 
if(ii -~ i) sji+- (- y(ii]<yy) ; 
if(sji< -0 )( 

jj~cost[ii] [j] ; 
) -- 100000; 



the end: 

if ( jj <0)l+•jj; 
I 
sji-yy-z[ii)+duration[i}+tj[i) [origin[ii}J; if(ii--j)sji+- (z[ii)-zz); 
if(sji<-0) ( 

jj-cost[i) [ii); 
1--100000; 
if ( jj (0)1+-jj; 

I 
if(l<zeta)(zeta-l;tjj-ti;} 

/* implement best update */ sij-y[best_i)-z[best_j)+duration[best_i}+tj[best_i) [origin[best_j)); di-y[best_i)-z[best_i]; 
if(di<sij)delta-di;else delta-sij; y[best_i]+-(tjj-delta); 
z[best_j)+-(sij+tjj-delta); 
if(show_flag)printf( 
"\n\tBest link (\d,\d) has sum \d, delta (\3.lf of \d}, \d available", best_i,best_j,zeta,tjj,i_gbl,j_gbl); 
if(repeat_count<-l)goto stl;else goto start; 

- /* final solution */ 
for(i-l;i<-num_tasks;i++)start_time[i] - y(i]; k•best_cost-solve_output_vsp_given_s(); printf("\n\tThe decreasing sequence has cost \d, in \d steps, \devaluations", best_cost,k_gbl,l_gbl); 
if(show_flag)( 

printf("\n\ty:"); 
for(i-l;i<-num_tasks;i++)predecessor[i]-col[i]; 
validate solution(); 
printf("\n\tz:"); 
for(i-l;i<-num_tasks;i++)start_time[i]-z[i]; solve_output_vsp_given_s(); 
for(i-l;i<-num_tasks;i++)predecessor[i] • col[i]; validate_solution(); 

/* find lower bound */ lower bound cost•ub value of(z,y); printf("\n\tThe lower bound cos t is \d\n",lower_bound_cost); 

return k; 



dilworth_ vsp_gi ven_s ( local_start_ti.me) 
float local start time I I ; 
I - -

int 
float 

i,j,k,l,ii,jj,kk,point[DN]; 
sij; 

/* sort jobs by start time */ 
for(i-l;i<-nwn_tasks;i++)[ 

array[i)-(int)(local_start_time[i)); 
pointers[i)•i; 
point[i)-0; 

quick_sort(l,nwn_tasks); 

if ( show_flag) ( 
printf ( "\nStart times: "); 
for(i-l;i<-nwn_tasks;i++)printf(" %d",array[i)); 
printf( "\n\n"); 

/* apply staircase rule */ 
vehicles-0; 
final_deadheading-0; 
for(kk-l;kk<-nwn_tasks;kk++)[ 

k-pointers [kk] ; 
if(point[k))continue; 
if(show_flag)printf("\nStarting with job %d ",k); 
i-k; 
point(i]-1; 
vehicles++; 
predecessor[i]-num_tasks+vehicles; 
ii-kk; 
while(ii) I 

for(jj-ii+l;jj<-num_tasks;jj++)( 
j-pointers[jj); 
if(point(j])continue; 
sij•local_start_time[i] - local_start_time(j]+duration[i]+tj[i] [origin[j]]; 
if(sij<•O) I 

predecessor[j]~i; 
point[j]-1; 
final_deadheading+-tj [i] [origin[j] I; 
if(show_flag)printf(" %d",j); 
i-j; 
ii-jj; 
break; 

I 
if(jj>-nwn_ tasks)break; 

return i•lOOOO•vehicles+(int)(amult*final_deadheading); 



G_B_reduction(adj, es, ls) 
int adj I I [DNJ; 
float es[) ,ls[); 
I 

int i,j,count_b,j_class [DN) ; 

G_generate_window_classes (c lass,es, l s); 
count b-0; 
for(j~l;j<-num_tas ks;j++)[ 

I 

j_class[j)-1; 
if(ls(j]--es[j)) cont inue; 
for(i-l;i<-num_tas ks;i++) 

if (class [ii [j J-•3 I I class Ii I [ j I =- 5 ) I j_class [j J- O;break; I 
if(j_class[j))(ls[j) -es (j] ;count_b++; ] 

if(show_ flag) I 
printf ( "\n\tB-set window reductions : "); 
pr intf ( "\n\t\d jobs set to est ", count_b); 

G_C_reduction(adj,es,ls) 
int adj II [DNJ; 
float es[) ,ls[]; 
I 

int i , j, coun t _c, j_class[DN] ; 

G_ge nerate_window_classes(class,es ,ls); 
count c-0· 
for(i~ l ;i<-num_tasks;i++)[ 

I 

j _class[i)-1; 
if(ls[i)--es[i))continue; 
for(j-l;j<-num_tasks;j++) 

if(class[i) [j)>3)[j_class [ i )-O ; break;) 
if(j_class[i))[es[i)-ls[i);count_c++;] 

if(show_ flag) I 
printf("\n\tC-set window reductions:"); 
printf("\n\t\d j obs set to lst",count_c); 



improve_seque nce(y,z) 
float y I 1, z I I; 

/* improve a given seque nce */ 

I 
int 
float 
double 

i,j,k , l,ii,jj,11,iteration ,bes t _cos t,best_lb; 
best__y[DN),best_z[DN), o ld__y[DN], old_z [DN] ,sij; 
tdub; 

if(show_flag)printf("\n\tSequence Improvement s starting at UB"); 

iteration-0; 
best_cost-ub_value_of(y,z); 
best lb-infinity; 
i-infinity; 
goto startl; 

start: if(show_flag)printf("\n\tconvert s to (y,z)"); 

convert_up_s_to__yz(y,z); 
i-lOOOO•vehicles+(int)(amult•final_deadheading); 
j -ub_value_of(z,y); 
for( 1- 1; 1<- num_tasks; l++) [old__y I l I - y I 1 I ;old_z [l I - z [ 1 I; I 
convert_down_s_to__yz(y,z); 
k-ub value of(z,y); 
if(j<k)(for(l-1;1<-num_ tas ks;l++)[y(l) -o ld__y[l) ;z [l) -old_z[l);)k-j;) 

if(k<best _cost)[ 
decreasing_sequence(y,z); 
best_cost-shift_sequence (y,z); 

startl: if(bes t_cost<i)[for(;;)[ 

for(i-l;i<-num__tasks;i++)( 
old z[i)-start tirne[i)-z[i) ; 
old~[i)-y[i); -

convert_up_s_to__yz(y,z); 
j-ub_value_of(z,y); 
for(l-l;l<-num_tas ks; l++)( bes t__y[l) - y[l);best_z[l) -z [l];) 

convert downs to__yz(y,z); 
k-ub value of(z,y); 
if(k<j)[ -
for(l-l;l<-num_tasks;l++)(best__y [l) - y[l);best_z[l)-z[l);) 

j-k; 

for( i-1; i <-num_ tasks; i ++) s tart_t ime [ i J -old__y [ i) ; 
convert ups to__yz(y ,z ) ; 
ii-ub value of(z,y); 
if(ii<j)[ -
for(l-1;1<-num_tasks;l++)[best__y[l) - y[l) ;bes t _z[l)-z[l];) 

j-ii; 

convert_down_s_to__yz (y,z) ; 
jj - ub_value_o f(z,y) ; 
if(jj<j)[ 
for (l-l;l<-num_tas ks;l++)[ best__y [l) - y[l);best_z[l) -z [l) ; } 

j-jj; 

for( i-1; i <- nwn_ t asks; i ++) ( 
tdub-(double )( old_ z [ i )+o ld_y [i) )/2; 
tdub~floor (tdub ); 
s tart_time ( i) - (float) ( tdub); 

I 
convert ups t o__yz (y ,z); 
ii - ub value o f( z,y); 



the_end: 

if(ii<jJ I 
for(l-l;l<-num_tasks;l++)(best_y[l]-y[l];best_z[l] - z(l] ;] 

j-ii ; 

convert_down_s_to_yz(y,z); 
jj-ub_value_of(z,y); 
if(jj<j)[ 
for(l-1;1<-num_tasks;l++){best_y[l] - y[l];best_z[l]-z[l];] 

j-jj; 

if(j--best_lb)break; 
else best_lb-j; 

for(l-l;l<-num_tasks;l++)[y[l)-bes t_y[l];z[l) -best _z[l);] i-ub_value_of(y,z); 

if(best_lb<best_cost)[ 
decreasing_sequence(y,z); 
best_cost-shift_sequence (y,z); 

) 
if(i--best_cost)break; 

])else if(iteration--2 Jgoto the_end; 

if (!iteration) ( 
if (show_flag) printf ( "\n\tStart time building"); iteration++; 
ub_value_of(y,z); 
for(j-l;j<-num_tasks;j++J[ 

i-col[j); 
if(i>num_tasks) I 

predecessor[j)-num_tasks+j; 
continue; 

sij-y[i]-z(j]+duration[i]+tj[i] [origin(j]]; 
if(sij<-O)predecessor[j]-col[j]; 
else predecessor[j]-num_ task s +j; 

) 
build_start_times() ; 
goto start; 

return best_cost; 



method d() 
I -

int 
int 
float 

i,j,k,l,ii,jj; 
best_cost,this_cost,job_in_position[DN]; 
sij; 

sub_title( "Staircase Rule"); 
show_flag-info_flag; 

pre_process(); 

for(i-l;i<-num_tasks;i++)for(j-l;j<-num_tasks;j++) 
f_adj_matrix(i] (j]-adj_matrix[i) [j); 

cycle_flag-l;sort_flag-0; 
new_topological_sort(); 

for(i-l;i<-num_tasks;i++)( 
job_in_position[ts_number(i)J-i; 
predecessor[i)-0; 
start_time[i)-est[i); 

/* build chains by topological sort 

vehicles-0; 
for(ii-l;ii<-num_tasks;ii++)( 

i-job_in_position[ii); 

*/ 

if(predecessor(i])continue; /* already scheduled */ 

} 

start_time[i)-est[i); 
1-ii; 
vehicles++; 
predecessor(i)-num_tasks+vehicles; 
/* look for chain following i */ 
while(l<num_tasks)( 

for( j j-1 + 1; j j <-num_tasks; j j +1-) [ 
1-jj; 
j-job_in_position[jj]; 
if(predecessor[j])continue; 
sij-start_time[i]+duration[i)+tj [ii (origin(j] J; 
if(sij>lst(j))continue; 
predecessor(j)-i; 
if(sij<-est[j])start_time[j)-est(j); 
else start_time[j]-sij; 
i-j; 
break; 

printf("\n\tUsing chain construction and est(], by topological sort,"); 
printf ( "\n\tthere were %d vehicles", vehicles); 

this_cost-solve_vsp_given_s(); 
upper_bound_flag-1; 
cost_of_upper_bound-this_cost; 

printf("\n\tBy assignment problem, the cost is %d",this_cost); 

enter_lcr(); 



pre_process() 
I 

int i,j,k; 

if(pre_process_ flag)return cost_of_ l ower_bound, 
else pre_process_ flag~l; 
upper_bound_flag-0; 

window_clean(); 

sort_flag-O;cycle_flag•l; 
for(i-l;i<-num_tasks;i++)for(j • l;j<- num_ tasks;j++) 

f_adj_matrix [i] [ j J-adj_matrix [ i] [ j]; 

new_topologica l _sort(); 
if ( acyclic_flag&&show_flag)printf ( "\n\tThe orientation is acyclic ." ); 

zero one•O; 
directed_ flag- 0; 
veh_inf- 10000; 

cost_o f_lower_bound-ub_value_of(est,lst) ; 

if(show_flag)printf("\n\tThe Lower Bound is \d",cos t_of_lower_ bound); 

return cost_of_lower_bound; 



shift_sequence(y,z) 1• 

float 
I 

YI I ,zl I; 

int 
int 
float 

•; 

construct a decreasing sequence 
beginning at (y,z) 
and return the final cost 

use shifting of y,z by solution 

i,j,k,l,ii,jj,best_i,best_j,up:late_flag,foll[DN); 
best_cost,zeta,current_cost,lower_bound_cost,repeat_count; 
ti,tjj,tflo,sij,sji,delta,di,dj,yy,zz,left(DN],right[DN); 

l_gbl-k_gbl-O;best_cost-infinity;up:late_flag- 0; 
start: ;• initial lower bound: limit on improvement •/ 

if(show_flag)printf("\n\tNew lower bound"); 
lower_bound_cost-ub_value_of(z,y);l_gbl++; 
repeat_count-0; 

stl: k_gbl++; 
;• find f(Y,Z) with VSP reduced costs •/ 
current_cost-current_ub_value_of(y,z);l_gbl++; 

if(current_cost--best_cost)repeat_count++; 
else( 

) 

best cost-current cost; 
repeat_count-0; -

/•if (best_cost--lower_bound_cost)goto the_end; */ 

;• step 2: find best available improvenent based on feasibilities•/ 
ii-jj-i_gbl-j_gbl-0; 
best_i-best_j-0; 
k-zeta-infinity; 
tjj-0; 
for(i-l;i<-num_tasks;i++)[ 

) 

right[i)-y[i);left[i)-z[i); 
predecessor[i]-col[i); 

shift_yz_by_solution(right, left,col); 
build_start_tirnes(); 
for(i-l;i<-num_tasks;i++)for(j-l;j<-num_ tasks;j++)[ 

I 

ii-cost[i) [j); 
if(ii--infinityl lii>-O)continue; 
sij-y[i)-z[j)+duration[i]+tj[i) [origin[j)]; 
di-y[i]-z(i}; 
dj-y[j)-z[j); 
if(sij<-O)continue; 
if( (di+dj) <sij) I 

I 

sij-left[i)-right[j)+duration[i)+tj[i) [origin[j)); 
if(sij>O)continue; 
if(assigned_vehicle[i) --assigned_vehicle[j))( 

if(start_tirne[j) <start_tirne[i) )continue; 

j_gbl++; 
if(ii<k)(k-ii;best_ i-i;best_ j-j; I 

if(!best_j)goto the_end; 

sij-z[best_i)-y[best_j]+duration[best_ i}+tj[best_i} [origin[best_ j) I; 
if(sij>O)goto shift; 
;• find best (y,z) combination for (i,j) '/ 
i-best_ i;j - best_j; 
sij-y[i)-z[j)+duration[ij+tj[i) [origin[j} I; 
di-y[iJ-z[i); 
dj•y[j) - z(j); 
if(di<sij)delta-di;else delta - sij; 
for(ti-O;ti<-delta;ti+-1)( 

yy-y[i)-delta+ti; 



I 

tflo-sij-delta+ti; 
if(tflo<-dj)zz-z[j)+tflo;else break; 
1-0 ·i gbl++ · 
for(ii-l;ii<-num_tasks;ii++)( 

sji-y [ii)-zz+duration [ii I +tj I ii] [origin [ j]]; 
if(ii-- i)sji+- (-y[ii]+yy); 
if(sji< - OJ I 

I 

jj-cost [ii I [j l; 
1--100000; 
if(jj<O)l+- jj; 

sji-yy- z[ii)+duration[i)+tj[i) [origin[ii}}; 
if(ii- -j)sji+-(z[ii)-zz); 
if(sji<-0)( 

j j-cost Ii I Iii l ; 
1--100000; 
if(jj<O)l+- jj; 

I 
if(l<zeta)(zeta-l;tjj-ti ; ) 

;• implement best update •; 
sij-y(best_i]-z[best_j]+duration(best_i]+tj(bes t_i) (origin(best_j)]; 
di-y(best_i]-z[best_i]; 
if(di<sij)delta-di;else delta-sij; 
y[best_i]+-(tjj-delta); 
z[best_j]+-(sij+tjj-delta); 
if(show_flag)printf( 
"\n\tBest link (\d,\d) has sum \d, delta (%3 . lf of \d), \d available", 

best_i,best_j,zeta,tjj,i_gbl,j_gbl); 
if(repeat_count<-J)goto stl; 

shift : ;• shift solution to fit •; 
for(j-l;j<-nun_tasks;j++)foll[j)-0; 
for(j-l;j<-nun_tasks;j++){ 

I 

i-collj); 
if(!i li>num_tasks)[col[j]-O;continue;} 
sij-y[i)-z[j)+duration[i]+tj[i) (origin(j)); 
if(sij<-O)foll[i)-j; 
else l=l[j)-O;foll(i]-O;J 

zeta-i_gbl-1; 
i-best_i;j-best_j; 

y[i)-z[i)-left[i); 
y[j)-z[j)-right[j}; 
sij-z[j)-duration[i)-tj [ii [origin[j) J; 
if(sij>lst[i))y[i]-lst[i}; 
else if(sij>y[i) )y[i)-sij; 
sij-y[i}+duration[i)+tj(i) (origin(j)]; 
if(sij<est[j))z[j)-est(j]; 
else if(sij<z[j] )z[j)-sij; 

k-col[i); 
while(k){ 

I 

y[k)-z[k]-left[k);zeta++ ; 
sij-z[i)-duration[k)-tj [kl (origin(i] J; 
if(sij>lst(k] )y(k]-lst[k); 
else if(sij>y[k) )y[k)-sij; 
i-k;k-=l[i); 

k-foll [j l; 
while(k) I 

y[k)-z[k]-right[k];i_gbl++; 
sij - y[j)+duration[j]+tj (j] (origin(k] J; 
if(sij<est(k])z(k]-es t[k]; 
else if(sij<z[k])z(k)-s ij; 
j-k;k-foll(j]; 



the end: 

if (show_flag)printf ( 
"\n\tBest link (\d,\d) has %d left and %d right shifts, %d available", 

best_i,best_j,zeta,i_gbl,j_gbl); 

if(repeat_count<-lO)goto stl; 

- /* final solution */ 
for(i-l;i<•num_tasks;i++)start_time[i) - y[i); 
k•best_cost-solve_output_vsp_given_s(); 
printf("\n\tThe shift sequence has cost %d, in \d steps, \devaluations", 

best_cost,k_gbl,l_gbl); 
if(show_flag) I 

printf ( "\n\ty: "); 
for(i•l;i<-num_tasks;i++)predecessor(i] -col[i); 
validate_solution(); 
printf("\n\tz:"); 
for(i•l;i<•num tasks;i++)start time[i]~z[i); 
solve_output_vsp_given_s(); -
for(i-l;i<-num_tasks;i++)predecessor[i]~col[i); 
validate_solution(); 

/* find lower bound •/ 
lower_bound_cost•ub_value_of(z,y); 
printf ( "\n\tThe lower bound cost is %d\n", lower_ bound_cost); 

return k; 



shift_yz_by_solution(right,left,pred) 1• 
find left and right limits of 
z[) and y[) respectively, based on 
the given solution pred[] 

input: y[](right),z[)(left),pred[) 
output: right[) ,left[] 
•1 

float right[J,left[); 
int pred[); 
I 

int i,j,k,foll[DN); 
float sij; 

for(j-l;j<-nwn_tasks;j++)foll[j]-0; 
for(j-l;j<-nwn_tasks;j++)[ 

i-pred[j); 
if ( ! i)continue; 
if(i>nwn_tasks)(pred[j)- -i;continue;] 
sij-right[i)-left[j)+duration[i]+tj[i) [origin[j}); 
if(sij>O)(pred(j]- -i;continue;)/* link infeasible•; 
foll(i)-j; 

for(k-l;k<-nwn_tasks;k++)( 
i-pred[k); 
if(i>O)continue; 
i-k; 
j-foll[i); 
left[i]-est[i); 
while(j) I 

sij-left[i]+duration[i]+tj[i} [origin[j)); 
if(sij<est[j))left[j)-est[j); 
else if(sij<lst[j])left[j)-sij; 
else left[j)-lst[j); 
i-j;j-foll[i); 

for(k-l;k<-nwn_tasks;k++)( 
j-foll[k); 
if ( j >OJ continue; 
j-k; 
i-pred [j J; if ( i <O)i-0; 
right[j)-lst[j); 
while(i) I 

sij-right[j)-duration[i)-tj[i) [origin[j)); 
if(sij>lst[i} )right[i]-lst[i}; 
else if(sij>est[i])right[i}-sij; 
else right[i)-est[i); 
j-i;i- pred[j} ;if(i<O)i=O; 

for(k-1; k<-nwn_tasks; k++) if (pred [k J <O)pred [kl - - pred [kl; 



solve_vsp_given_s() /* solve the VSP, give n Start 
input: problem data, 

times; 

int 
float 

i,j,k; 
sij; 

•j 

output: 

start time[], 
f_adj=matrix[] 11, 
adj_matrix[] [], 
di rected_flag: 

zero_one: 

veh_inf : 

0- use adj_matrix 
1-use f_adj_matrix, 
0- use full cost 
l=use zero/one cost, 
cost of a vehicle, 

col[], (predecessors ) 
vehicles, 
final_deadheading 

requires: 
casg() (solution to 

the assignment problem) 

for(i-l;i<-num_tasks;i++Jfor(j=l;j< - num_ tas ks;j++)( 
sij-start_time[i]+duration(i]+tj[i] [origin[j]]; 
if(sij<-start_time[j) JI 

I 

)else( 

k-(int) (amult•tj [i] [origin[j]] ); 
cost[i] (j]-k•(l-zero_one); 

cost(i] (j)-10000•(1-zero_one )+zero_one ; 
l 
if(directed_flag)( 

if( !f_adj_matrix[i] [j])cost[i] [j] - veh_ inf•(l-zero_one)+zero_one; 
)else if(ladj_matrix[i] [j)Jcos t[i) [j)-veh_inf•(l- zero_one)+zero_one; 

number-num_tasks; 
casg(); 

vehicles-0; 
final_deadheading-0; 
for(j-l;j<-num_tasks;j++)( 

i-col(j); 
sij-start_time[i]+duration(i]+tj[i] [origin[j)]; 
if(sij<-start_time[j)Jfinal_deadheading+-tj[il [origin[j)]; 
else vehicles++; 

j-lOOOO•vehicles+(int)(amult•final_deadheading); 

return j; /* cost of the solution */ 



ub_value_of(y,z) 
float y I I , z I I ; 
I 

/* returns the value o f f(y,z) */ 

int 
int 
float 

i,j,k,ii; 
u [ON) , v [DN); 
sij; 

ii-number; 
nurnber-num_tasks; 

for(i-l;i<-num_tasks;i++)for(j-l;j< - num_tasks;j++)[ 
if(adj_matrix[i) [j))( 

sij-y[i)-z[j)+duration[i)+tj [ii [origin[j I I; 
if(sij<-O)cost[i) [j)-(int) (amult•tj [ii [origin[j] I); 
else costfi) (j)-10000; 

)else cost[i) [j)-10000; 

assignment(u,v); 

vehicles-O ; final_deadheading-0; 
for(j-l;j<-num_tasks;j++)( 

I 

i-col[j); 
if(cost[i) [j) <lOOOO)final_deadheading+~tj [ii [origin[j) I; 
else vehicles++; 

k-vehicles•lOOOO+(int)(amult•final deadheading); 
if(show_flag)printf("\n\tThe value-of f(y,z) is \d",k); 
number-ii; 

return k; 

current_ub_value_of/y, z) 
float y(},z(J; 

/* returns the vsp reduced matrlx ot J(y,z) */ 

I 
int 
int 
float 

i,j,k,ii; 
u[DN) ,v[DN); 
sij; 

ii-number; 
number-num_tasks; 

for( i-1; i<-num_tasks; i++) for( j-1; j <- num_ tasks ; j++) [ 
if(adj_matrix[i] [j) )( 

sij-y[i J-z [j) +duration [ i I +tj Ii I [origin [j I I; 
if(sij<-O)cost[i) [j)-(int) (amult•tj [ii [origin[j) I); 
else cost[i)[j)-10000; 

)else cost[i) [j)-10000; 

assignment(u,v); 

col(num tasks+l)-0; 
vehicles-O ; final_deadheading- 0; 
for(j-l;j<-num_tasks;j++)( 

I 

label[j)-col[j); 
i-col[j); 
if(cost[i) [j)<lOOOO)final_deadheading+- tj[i] [origin[j]); 
else( 

vehicles++; 
col[j]-num_tasks+l ; 
col[num_tas ks+ l] - i; 

k-vehic l es • 10000+ ( int) ( amul t• f ina l _deadheadin<J); 

for(i-l;i<-mun tasks;i++) for ( j-1 ; ·j<- 1111111 t·ns ks ,- j 11 l { 



if(adj_matrix[i] [j]) ( 
cost[i] [j]-(int)(amult•tj [ii [origin[j)] )-(u[i]+v[j] ); 

]else cost[i] [j]-infinity; 

number-ii; 
if(show_flag)printf("\n\tCurrent ub value of (y,z) is %d";k); 
return k; 

current_lb_value_of(y,z) 
float y[] ,z[]; 

j• returns the AP reduced matrix of f(z,y) */ 

I 
int 
int 
float 

i,j,ki 
u[DN] ,v[DN); 
sij; 

number-2•num_tasks; 

for(i-l;i<-num tasks;i++)u[i]-v[i)-0; 
/* jobs - */ 
for(i-l;i<-num_tasks;i++)for(j-l;j<~num_tasks;j++)( 

if(adj_matrix[i) [j))( 
u(i]++;v[j)++; 
sij-z [ i)-y [j J +duration [ i] +tj [ i) [origin [ j] I; 
if(sij<-O)cost[i] [j]-(int) (amult•tj [i] [origin[j]] ); 
else cost[i] [j]-infinity; 

]else =st(i] (j)-infinity; 
l 
/* vehicles: start and end */ 
for(i-l;i<-nln_tasks;i++)for(j-num_tasks+l;j<-number;j++)( 

cost(i) [j]-cost[j) [ii-infinity; 
I 
for(i-l;i<-num_tasks;i++)cost[num_tasks+i] [i)-cost[i] [num tasks+i)-5000 1 
/* excess vehicles •; -
for(i-num_tasks+l;i<-number;i++)for(j-num __ tasks+l;j<-number;j++){ 

cost[i) (j)-0; 
I 
for(i-l;i<-num_tasks;i++)( 
if( lu(i])for(j-num_tasks+l;j<-number;j++)cost[j] [num_tasks+i]-infinity; 
if ( ! v( i]) for( j-num_tasks+l; j <-number; j++ )cost [mun_tasks+i J (j ]-infinity; 
I 
assignment(u,v); 

for(i-l;i<-number;i++)for(j-l;j<-number;j++)[ 
if(cost[i) [j] !-infinity)cost[i] [j] - -(u[i]+v[j] ); 

vehicles-O;final_deadheading-0; 
for(j-l;j<-num_tasks;j++){ 

i-col[j]; 

I 

if(i<-num_tasks)final_deadheading+~tj[i] [origin[j]]; 
else vehicles++; 

k-vehicles•lOOOO+(int)(amult•final_deadheading); 
if(show_flag)printf("\n\tCurrent lb value of (y,z) is %d",k); 

return k; 



upper_bound() 
I 

int 
int 
int 
float 

i,j,k,ii,jj,num_windows; 
best factor l,best factor 2,best vehicles; 
ifac[21),ts=num[DN),ts_flag,s_flag,lb_value,ub_value; 
tflo,deadheading,sij,alpha,best_ alpha; 

if(upper_bound_flag)return cost_of_upper_bound; 
else upper_bound_flag- 1; 

pre_process (); 
if(num_tasks<•SO)s_flag•l;else s_ flag- 0; 

sort_f lag•O;cycle_flag-1; 
num windows•O; 
for(i•l;i<·num_tasks;i++)( 

if(est[i) !•lst[i])num_windows++; 
for(j•l;j<•num_tasks;j++)[ 

f_adj_matrix[i) [j) • adj_matrix[i) [j); 

I 
if(ls_flag)another_topsort(); 
if(acyclic_flag)( 

if ( show_flag)printf ( "\n\tThe orientat i on is acyclic . "); 
)else print! ( "\n\tThe orientation is not acyclic: %d", cycles); 

if ( ! num windows) ( 
- for(i•l;i<•num tasks;i++)start time[i) ~est[i); 

zero_one-O;directed_flag- O;veh=inf • lOOOO; 
j-solve_vsp_given_s(); 
cost_of_upper_bound-cost_of_lower_bound-j; 
printf ( 

ii-0 ; 

"\n\tThere are no windows, therefore the optimal solution is %d", 
j); 

printf("\n\tThe solution has Id vehicles and 13 . Jf deadheading", 
vehicles,final_deadhead ing); 

return j; 

ifac[O]•B; 
ifac[l)•ll;ifac[2)•4;ifac[3]•6;ifac [4) - B;ifac[51~9;ifac[6)•10; 
ifac[7)·19;ifac[8)•12; 
zero one•l; 
directed_flag•O; 
veh inf-10000; 
best factor !•best factor 2•0; 
best=vehicles•infinity;jj~O; 
alpha•!; 

stl: ii++; 
for(k•l;k<·ifac[O};k++)[ 

aflag•ifac [kl; 
bflag- aflag; 
wslca2(alpha);jj++; 
vehicles•solve_vsp_g iven_s(); 
if(show_flag)printf("\n\t%d Assign,\tfactor %d\tAlpha: %3 . lf\tCos t: %d", 

jj,aflag,alpha,vehicles ); 
if(vehicles<best_vehicles )[ 

if (ii ·•l&&s fla 

best vehicles-vehi cles ; 
best=factor_l-aflag; 
best_factor_2-bflag; 
best_alpha-alpha; 
for( j ~l; j <~num_tasks; j++ ) t s _num[ j ]- ts_numLer( j I ; 
ts_flag~ii-; 



/* the other topological sort */ 
cycle_flag-1; 
for(i-l;i<-num tasks;i++)[ 

for(j-l;j<-num_tas ks;j++) I 
f_adj_matrix[i] [j) -adj_matrix(i] [j); 

I 
I 
another_topsort(); 
goto stl; 

for( j-1; j <-num_tasks; j++) ts_number [j) -.t s_num[ j I; 

lb value-cost of lower bound; 
zero one-0; - - -
aflag-best_factor_l; 
bflag- best_factor_2; 
wslca2(best_alpha); 
solve_vsp_given_s(); 
for(i-l;i<-num_tasks;i++)predecessor(i] -col[i]; 
build_start_times(); 
ub_value-solve_vsp_given_s(); 
for(i-l;i<-num_tasks;i++)predecessor[iJ-col(i); 

if(!s_flag)goto the_end; 

sort_flag-O;cycle_flag-1; 
for(i-l;i<-num_tasks;i++)( 

the_end: 

for(j-l;j<-num_tasks;j++)( 
f_adj_matrix[i) [jJ-adj_matrix[iJ [j); 

I 
I 
if(ts_flag--l)nev_topological_sort();else another_topsort(); 
if(acyclic_flag)( 

if(show_flag)printf( "\n\tThe orientation is acyclic."); 
}else printf ( "\n\tThe orientation is not acyclic: \d", cycles); 

printf("\n\tThe Upper Bound is \d and the Lower Bound is \d", 
ub_value,lb_value); 

printf("\n\tThe Upper Bound has \d vehicles and \3.2f deadheading", 
vehicles,final_deadheading); 

if ( ub_value--lb_value)printf ( "\n\tThis upper bound is the lower bound and optimal"); 
cost_of_upper_bound-ub_value; 

return ub_value; 



wslca2(alpha) /* assigns predecessors and start times to jobs, 
based on weighted cost factors and a 
topological ordering . 

float 
I 

alpha; 

int 
float 
float 
float 

*/ 

input: alpha, 
f_adj_matrix(J [), 
directed_ flag 
problem data 

requires: topological sort 

i,j,k,ii,jj,kk,11,iilow,jjlow,point[DM); 
af[21),bf[21) ,afactor,bfactor; 
cost factor[21); 
sij,sji,ccost,clow,si,di,ti,sc,e(LM]; 

final_deadheading-0; 
variable cost-1; 
fixed cost-1; 
makespan-10000; 
11-1; 

if(!ts_number[l) I J!ts_number[num_tasks))( 
printf("\n\tError in wslca2 : no topolog ical sort"); 
return infinity; 

ii-2•num tasks; 
for(i-O;i<-ii;i++)( 

e(i)-0; 
point(i]-0; 

for(i-l;i<-20;i++)( 
=st_factor(i)-0; 
if(i-aflag)af(i)-1; 
else if(-i--atlag)~f(i)- -1; 
else af(i)-0; 
if(i--bflag)bf[i)-1; 
else if(-i--bflag)bf[i)- -1; 
else bf(i)-0; 

for(i-l;i<-num tasks;i++)( 
label[ts_number(i])-i; 
e(i)-lst[i); 
start_time(i]-est(i); 

ll-1; 
for(j-l;j<-num_tasks;j++)( 

jj-label(j); 
iilow-0; 
jjlow-0; 
clow-inf nity; 
for(i-1; <-j;i++)( 

f(i<j)ii-label[i) ;else ii-num_tasks+ll; 
f(point[ii) )continue; 
f(ii< - num_tasks )[ 

)else[ 

ti-tj [ii) [origin[jj) I; 
di-duration[ii); 
sc-0; 
si-start_time[ii); 

ti-di-0; 
sc-1; 
s i -est I j j I ; 
e(ii)-10000; 

if(e[jj)>-(si+ditti))[ 



cost factor[7)-cost factor[l) - - (si+di+ti- est[jj)); 
if(cost_factor[l)>O)cost_factor[l)- - cost_ factor[l); 

cost_factor[2)-makespan•fixed_cost•sc; 

cost_factor[J]-(est[ii)+di+ti-est[jj)); 
cost factor[8)- -cost factor[)); 
if(cost_factor[JJ<O)cos t_factor[JJ- -cost_ factor(JJ; 

cost_factor[4)-est[ii)+e[ii)+di; 

sij-si+di+ti; 
if(sij<est[jj) )sij-est[jj); 
cost_factor[SJ- -sij; 

cost_factor[9)-cos t _factor[5)+(si+di+ti); 

cost_factor[6)- - ti•variable_cost; 

cost_factor[lOJ- (-cost_ factor[6))+cost_factor[2); 

cost_factor[ll)- - cost_factor[S); 

cost_factor[l2)- -cost_ factor[7) ; 

cost_factor[l3)- -cost_ factor[9); 

cost factor[l4)-cost factor[9); 
if(cost_factor(l4J<O)cost_factor[l4)- - cost_ factor[l4); 

cost_factor[l5)-cost_ fac t or[2)-cost_ factor[l); 
cost factor[l6)-cost factor[2)+cost factor[)); 
cost-factor[17)-cost-factor[2]-cost-factor[5); 
cost-factor[18)-cost-factor[2)-cost-factor(7]; 
cost=factor[l9)-cost=factor[2) - cost=factor(8); 
cost_factor[20]-cost_factor[2]-cost_factor(9); 

afactor-O;bfactor-0; 
for(k-l;k<-20;k++)[ 

afactor+-cost factor[k]•af[k); 
bfactor+-cos t _ factor[k]•bf[k); 

ccost-alpha•afactor+(l-alpha)•bfactor; 

if ( ccost <clew) I 
iilow-ii; 
jjlow- jj; 
clow-ccost; 

I 
predecessor[jjlow) - iilow; 
point I iilow)-1; 
if(iilow<-num_tasks)( 

sij-start_time[iilow]+duration[iilow]+tj [iilow] [origin[jjlow]]; 
if(sij>start_time[jjlow] )s tart_ time[jjlow) -sij ; 
sji-start_time[jjlow) - duration[iilow)-tj[iilow] [origin[jjlow)); 
if(sji<e[iilow))e[iilow]-sji; 

]else[ 

vehicles-0; 

e[jjlow]-start_time [jjlow]; 
final_deadheading+-tj[iilow] [o rigin[jjlow)); 

start_time[jjlow]-est[jjlow); 
e[jjlow) -start_ time [jjlow]; 
if(start_ time[jjlow)<e [iil ow]) e [iilow)-s t art _ time [jjlow]; 
llt+; 

final deadhe ading-0; 



• I 

for(j-l;j<-num_tasks;j++)( 
i-predecessor[j); 
if ( ( i<-0) 11 ( i>num_tasks)) (vehicles++; continue;} 
sij-start_time I i)-start_time I j I +duration Ii I +tj Ii I [origin I j I I; 
if(sij>O)vehicles++; 
else final_deadheading+-tj(i] [origin[j)); 

validate_solution(); 

i-lOOOO•vehicles+(int)(amult•final_deadheading); 

return i; 



Instructions for Using the Interactive System 



A Sample Session in the Interactive System 

Information input to the system is shown in italics, system prompts are shown in 

boldface, interactive system defaults are shown in 01U1tlline. 

The system is started by the command 

$ run control <er> 

The system begins by asking about the level of detail required: 

Do you want explanations at each step? y©~ : n 

The system enters the main (top) menu, where the only options are: 

Data entry enter data entry sub-system 

X=exit terminate the session 

?=menu show menu 

Enter option Data entry : <er> 

We are now in the data entry sub-system, where the options are: 

CT data entry and editing facility 

Montreal 

Random 

Tu! 
X=Main menu 

Enter option 'II'©~fr : <er> 

The test problems are labelled a to o 

problem selection for files in standard internal format 

run the random problem generator 

load one of the test problems 

exit from data entry sub-system 

Enter problem &=~~[!D®~ : k 

Problem AM48,20 has been loaded and the full set of data entry options is now available: 

CT data entry and editing· 

Montreal 

Random 

read a data file 

random problem generation 



Tut 
Window 

Parameters 

test problem loading 

change window characteristics 

change problem size (number of jobs) 

L=window clean test window reduction techniques 

Analyse pre-process problem while monitoring difficulty and 

the VSP graph characteristics 

Sfil:.e save the problem data 

J=adjacent show or save the adjacency matrix 

X=Main menu return to main menu 

?=menu display full menu 

Enter option &Illl&Ily~© : x 

The system is back at the top menu, and since solution is the next logical step, that is the 

default. The choices have been expanded to include the solution sub-system: 

Data entty 

Solution 

X=exit 

enter data entry sub-system 

enter the solution sub-system 

terminate the session 

?=menu show menu 

Enter option §®Il1ll111D<ID!lll : <er> 

The solution sub-system includes options for running all algorithms, and for allowing the 

system to choose an algorithm, which is the default: 

A Automatic selection of algorithms 

B Branch and bound 

.C Algorithm based on Hungarian algorithm 

D Staircase rule 

E Longest path heuristic 

E (unused) reserved for solution for VSP-E 



Solution starting from windows which fit the lower bound 

solution 

H Improve solution by repeated start time building 

I Improve solution by rebuilding (Y,Z) for 

Decreasing_Sequence 

I Improve solution by opening strongly connected 

components 

K Decreasing Sequence from (E,B) 

1 Decreasing Sequence from current solution 

M Build_ Graph from current S 

N Build_ Graph from B 

0 Build_ Graph from E 

£ Pre-processor (window reduction and lower bound) 

Q Improve by Vehicle_Shifting 

R (unused) reserved for solution to VSP-R special case 

S. Searches between cost matrices 

I Schedule building, using arborescence to find independent 

sets 

.ll Upper bound 

V Improve solution by Vehicle Linking 

W Schedule building heuristic 

Z Solution validation and post-processing 

X Exit from solution sub-system to top menu 

Enter option &Ullt1®c~(?Il(?~f1n(!J)!Dl : < er> 

The algorithm selected is PNZ with final solution 132150 in 66.94 seconds 

Enter option ~ : <er> 



The main menu has again been expanded to include output options: 

Data entzy 

Solution 

Output 

X=exit 

?=menu 

enter data entry sub-system 

enter the solution sub-system 

enter the interactive output sub-system 

terminate the session 

show menu 

Enter option 1])unf1[P)unl1 cdlii~[P)Il.my : <er> 

The output facility allows either screen or hard-copy output. Only the screen output is 

active. 

Screen or Printout ? §~rr©©rm : <er> 

The screen output can be presented as a Gantt chart, a scheduling spreadsheet or vehicle 

charts. Typical screens are shown in Figures 8.5, 8.6 and 8.7. On exit from the interactive 

output processor, control returns to the main menu: 

Enter option ~ : <er> 

The session is terminated. 



Addine New Aleorithms to the Interactive Svstem 

The system uses a large object library to store algorithms and support routines. The 

customized commands available at the VAX system prompt are as follows: 

$ addmodfilename module-name 

$ de/mod module-name 

$ ccn filename module-name 

compile the C file filename.c, and add its 

object code to the object library as a module 

named module-name (replacing the module if 

it already exists). 

delete module-name from the object library. 

compile the C file filename.c, and add its 

object code to the object library as a module 

named module-name (replacing the module if 

it already exists), then create a new 

executable file for the interactive system. 


