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Abstract ——- This paper describes an experimental system which provides
heuristic solutions to vehicle routing problems. The system basically
contains two components: an initial routes generator and a route
improver. The route generator consists of an medified wversion of the
sweep algorithm, and a new TSP algorithm, called the shrink algorithm.
It is observed that the shrink algerithm is much more computaticnally
efficient than Lin's exchanged method, while giving outputs comparable
to those from the latter. The route improver in turn consists of two
sub-components. The first is a small yet efficient expert system,
which identifies and remedies specific problems in the initial routes,
with the experience of human routers incorporated in the improvement
process. The second sub-component is a pair-wise re-router, which runs
the saving algorithm on neighboring-route pairs, trying to reduce the
total costs. The system has been tried on several typical routing
problems, and yields optimal or near-optimal sclutions.

I. Introduction

Vehicle routing represents a wide rangse of logistics
management problems. Out of the great wvariety, this paper
specifically considers the following wversion. A number of
customers are located around a central depot, each requiring a
certain quantity of goods from the latter. A number of vehicles,
each with a fixed capacity, deliver goods to satisfy the customer
demands. The problem is to determine the number and the paths of a
set of routes with the minimum total travel cost and without load
constraint wielation, while satisfying all customer orders.
For simplicity, the capacities of all the wvehicles are assumed to
be identical, and there is no restriction on route travel time and
distance.

Table 1.1 gives the notations and definitions uses in the



whole article, for the convenience of the discussion.

TAEBLE 1.1 General Notations and Definition

K = number of wvehicles.

N = number of locations.

b = capacity of each wvehicle.

q; = demand at location 1.

d;y = travel cost between locations i and j.

¥, ¥:. = rectangular coordinates of location i.

ry = radius of location i, i.e., distance from depot to leocation i;
a; = polar coordinate angle of location i, defined as
Y1~V
a; = arctan(=1=2)
X, —X,

where: 0 <= a, <= T when y, > ¥, and T < a, < 2r when v, < y,.
(depot is indexed as 0 )

Given the prohibitive time complexity for searching global
cptimality in the exact algorithms, most of the working algorithms
of vehicle routing take heuristic approaches. A major category of
the heuristics is the two-phase technigque (Christofides 1985), and
a well-known two-phase algorithm is to use the sweep algorithm
(Gillett 1971) for clustering leccations into groups and to use the
k-opt exchange method (Lin 1965,1973) for sclving the TSP for each
group.

While capable of giving optimal or near—-optimal solutions to
problems, the above algorithm has its weakness. on the one hand,
it suffers from its low computational efficiency (Gillett 1971).
The defect stems largely from the fact that both the sweep
algorithm and the k-opt method are highly iterative. On the other
hand, when very tight capacity constraint exists, the algorithm
often fails to fine any solution, or gives sclutions of poor
quality, due to the angular sequentialness in location sweeping and
the limited range for location replacement.

An new system for vehicle routing has been developed to tackle
the problems. The system has two basic components: a route
generator and a route improver. The route generator provides an
initial solution for a problem. While following the basic sweep
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procedure, it utilizes several new technigues in clustering
locations, including route cost estimation and look-ahead/look-back
assignment. Meanwhile, a new and highly efficient TSP algorithm is
used for routing each cluster, in place of Lin’s algorithm.

The route improver is made up of two sub-components: a small
route—-improving expert system, called Route Doctor, which makes
diagnosis on, and treatments to, problems in the initial soclution;
and a pair-wise re-router which applies the saving algorithm on
pairs of neighboring routes in order to find new pairs with less

cost.

II. Improved Sweep Algorithm

The original sweep algorithm takes the following procedure
(Gillett 1971).

1) All customer locations are rearranged according to their
polar—-coordinate angles.

2) From a starting location, the first route begins and takes
in successive locations until the wehicle capacity is full. The
next route starts at the next unassigned location.

3) After the formation of a route, inter-route location
replacements are tried to reduce cost.

4) After all the routes are formed, the total cost 1is
recorded. The location next to the current starting location is
chosen as the new header, and a new cycle begins from Step 2.

5) The whole procedure stops when all locatiens have been
tried as the starting location. The minimum-cost solution is
selected as the final sclution.

The sweep algorithm finds a good solution by taking pains in
making an exhaustive search for a best sweeping starting location,
although most of the starting points will proved to be quite
inappropriate. We must evaluate all the solutions with the
exchange algorithm, which is also iterative in nature and time
consuming. The expense will double if backward sweep is also
conducted. Meanwhile, since the initial solutions before location
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replacement are produced by strict angularly sequential assignment,
their availability is low when very tight wehicle capacity
constraint exist, i.e., when the ratio of total customer demand to
total vehicle capacity is high.

Improvements seems possible in several aspects. First,
instead of using the conventicnal time-consuming TSP algorithm to
evaluate solutions, we may use an estimator to quickly approximate
the solution costs. To compensate for the error brought in by the
estimation, we establish a heap, which accommodates a certain
number of feasible solutions (each made of a set of routes) that
have the smallest estimated costs. The size of the heap should be
such that it will capture the true minimum—-cost solution most of
the time. We apply the TSP algorithm only to those solutions in
the heap to find the real best solution.

The second enhancement is for dealing with tight wvehicle
capacity constraint. It is possible that when vehicle capacity
constraint is high enough, and when customer demands vary greatly,
the standard sweep algorithm will fail in finding any feasible
solution. To remedy this, a "look-ahead" method can be used. When
the lcad of a route is still low yet assigning next location will
result in capacity overflow, we may jump over one or more high-
demand locations to continue the sequential assignment, so as to
ensure high utilization of vehicle capacity. On the other hand,
when a route is completed yet even after looking ahead the load is
still low, we start to "look-back", trying to take location over
from the previous route. The purpose is to delete unnecessary
jumped assignments in the previous route, since jumped assignments
often cause route overlap and therefore increase cost.

The new sweep algorithm operates in steps as follows:

1Bl Sort locations with their polar angles as the first
sorting index and their radiuses as the second, i.e., i comes
Before JF If a, < a,, OoF a; = &y ¥et X, < &,.

2: Set LA = 0, where LA = number of locations te look ahead.
(LA = (0 means no look-ahead). Set H = 1, where H = index of the
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header (starting location) for a sweeping cycle.

3: Set I = H, where I = starting location of a route.

4: Assign locations I,I+1,...,L to route k (k=1,2,...K), where
L is the last locaticn that can be added to route k without
capacity violation.

5. See if w>=avgw, where w = accumulated cargo weight for
current route, avgw = average route weight = Zg/K. If not, then
begin loecking ahead to check if wtg..<=b (a=2,..1LA+1). If yes, add
location L+a to the route. Take Step 5 again, until w>avgw or
a>LAa+]l.

6. If w<avgw, that is, the route is somewhat underloaded,
begin looking back. Check if any location 1 in the range of route
k, i.e., a, > a,;,, and a, < a,, has been assigned to route k-1. If
found, try to take it over to route k.

7. Estimate the cost of route k (we will discuss the
estimation soon). Let ¢, be the estimated cost. Add ¢, into the
total cost of the current solution.

8. Check if all locations have been assigned. If not, set I =
L+1, go back to Step 4 to build another route;

9., Check if the number of routes exceeds K. If not, try to
put the current solution (current route set) into the best-solution
heap; otherwise, try to join routes in the solution and put the
solution into the heap. If the Jjoining fails, discard the
solution.

10. Increment H, i.e., choose a new header, go back to Step 3
for another sweep cycle. If no more header, check if there are
enough feasible solutions in the heap. If not, increment LA, and go
to Step 2 for a whole new round with a larger loocking ahead range.

11. Apply the TSP algorithm to the routes of all the solutions
in the heap, choose the one with the minimum cost as the final
output.

The solution heap contains only unique solutions. Sa if a
current solution has a route set that is identical to any solution
already in the heap, the sclution will be thrown away.



III. Route Cost Estimation
The application of the route cost estimator plays a major role
in cutting down the computing time of the revised sweep algorithm.
Here the length of the "outline" of a route is used as the
estimator of its true cost. The outline of a route i1s defined as
follows. Suppose a route contains locations j, j+1,...L (ranked in
polar angle). We define the "peak" of the route as

pvrn;x ) {3-1)
i=3

Suppose r; = p, then location P divides the route into two sections
1 and fE2, where E1 = {351, .. 5B} and [E2 = YL EHE A
"mountain-climbing" method is used to form the outline. From L1,
we find the "upslope" part of the outline, which initially contains
the depot and the first location j. we scan forwardly from
location j+1 to P-1, only taking into the outline those locations
whose radius is not smaller than that of the previous one on the
outline. Let O be a list of on-ocutline locations, which currently
contains m locations. Then location 1 should be included into O
only when r;, >= rg. In other words, the distance from the depot
should be monotonously increasing during the formation of the
outline. The "downslope" of the outline is formed in a similar
way, only that we scan backwardly from L to P+1.

An illustration is shown in Figure 1.1. 1In A, location 3 is
the peak. Initially only location 2 is on the outline. Location
1 is not on the outline, since its radius is smaller than that of
location 2.

Part B shows the cutlines of some routes in a problem. It is
seen that the outlines keep the general shapes of the routes. The
computation effort for their lengths is triwvial. It is true that
the estimation is underestimated, but what is more important is
whether this underestimation is constant, so that the ranking order
of solutions in terms of cost can be preserved in the heap.
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Figure 1.1 Outline of a Route

Table 3.1 displays the results from computer runs over four
problems. For each problem, the estimated costs of the five
solutions in the heap are compared with their actual costs. Please
note the high consistency in the rates of underestimation across
the sclutions within each problem. Despite the small degree of
freedem, the correlation coefficients are all above 0.95. To a
large extent, the ranking orders of the estimated costs agree with
those of the actual. This is the mcst important, since the bottom
line here 1is to capture the actual minimum-cost solution.
Experiments show that a heap with the size of 5% of the total
number of the locations would be gquite safe, which means a nearly
95% cut in computing time, since the TSP module takes most of the
CPU time.

Scme variations seen in the underestimation rates across the
problems are likely to be related to certain features of the
problems, such as the average length of the routes, the location
density, and the average location radius.

It should be pointed out that the outline produced by the
above algorithm is not necessarily convex. Experiments shows that
a non-convex outline is often a better cost estimator, since it
captures some "dents" in the upper part of a route. However, the
new TSP algorithm discussed in the next section, the shrink
algorithm, needs a convex outline as a starting point.



TABLE 3.1. Statistics of Route Cost Estimation
Prob 1. n=50 Prob 2 n=71
Sol. Coat. | Rank l Coor. | Rank I Exrr (%) Sol. I__EEt- Rank I__EEF* Rank I Err (%)
1 532 1 -8.8 1 251 1 280 2 =10.3
2 533 2 -8.9 2 252 2 279 1 -9.9
3 554 1 -9.0 3 255 3 284 3 =10.0
4 551 3 -8.6 “ 4 258 4 285 4 -9.7
5 565 5 -8.8 5 260 5 287 5 =-9.5
I R, = 0.997 R, = 0.972
Frob 3. n=75 Prob 4. n=134
I Sol. l O Rank l or Rank I Err(%) L Sol. l (o Rank I (A2 S5 Rank l Err(%)
1 B44 1 878 1 =Sin 1 1279 1 1357 2 -5.8
2 845 2 883 2 -4.3 2 1279 2 1358 -5.8
3 853 3 a9z 3 -4.3 3 1285 3 1359 4 -5.5
4 862 4 805 5 -4.8 4 1285 4 1353 1 =5.0
5 863 5 901 4 -4.2 5 1302 5 1374 5 -5.3
| R, = 0.945 R, = 0.993
Note: -= gstimated cost; C,.. =-- actual cost;

i bt e e
2. R is
3

between C,.. .

and C,,..;

. For comparability, the heaps for the four preoblems have the same sizae,
although they are different in real runs.

lines, which are the links
close to the dotted lines,
the outline is an embryo
putline is easy to ¢obtain,
to take it as the starting point to build the optimal route.

IV.

it is possible,

The Shrink Algorithm
Closely looking at Figure 1.1 B,

which are the outlines.
to the final optimal route.

we may find that the solid
in the optimal routes, often run fairly
We may say that
Since an
and beneficial as well,

It must be pointed cut that when forming an outline for

building the optimal route, we should include only those locations

into a outline so that all the wvertices on the ocutline are convex.

This guarantees the sequence of the locations in the outline is the

same as that in the optimal route.
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The TSP within the sweep algorithm is somewhat different from
the TSP in general. Rather than having customer locations
scattering all around, the sweep algorithm slices the whole network
plain into a number of route cones fanning out from the depot.
Intuitively, a good slicing would have comparatively wide spaces
between those route sectors, and have locations close to the
outline within each route sector. The former phenomenon means the
routes are "narrow" so that costs due to links crossing the inter-
route spaces are saved, while the latter means the absence of
extensive zigzags in the route. These facts favor building routes
from outlines.

The new algorithm, called the shrink algorithm, is very
efficient in solving the TSP for the sweep algorithm. In general,
it takes the following procedure:

1) Find the outline (see above) of a route, which becomes the
initial partially-formed route.

2) For each location not yet assigned to the partially-formed
route, calculate its assignment cost. The cost is associated with
a specific link on the partial route, and the link represents a
potential position for inserting the location into the partial
route.

3) Choose the lowest-assignment-cost location, break its
associated link, and insert the location in between. The partially-
formed route expands by one location.

4) if there are more locations to be assigned, go to Step 2;
otherwise, the route is completed.

Figuratively speaking, the route at first takes on a "swollen™
form, and then bit by bit shrinks to its best shape. An important
issue here is how to calculate the assignment cost for each free
(not yet assigned) location, which determines the shrinking
sequernce. The first and the simplest way is to use the minimum
insertion cost. Suppose at a certain point, the route contains
locations 0,I,I+1,...,L, {(the depot is location 0). Define
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EGHI=NTC = Inini( @)y R dae = ik, (4-1)

1 = 0T TSR S5 Clof= T, el S e i L1

where AC; = the assignment cost of location J, and IC; = the minimum
insertion cost of location J. If the insertion cost comes to the
minimum when i=I+m and k=I+m+l (m>=0, m<=L-I), then the associated
link is the one between locations I+m and I+m+1.

The second choice defines

HEr =T, nE (4-2)

where IC’; = the second smallest insertion cost of location J. The
smaller the ratio, the more likely that the current associated link
is where the location should be inserted. Therefcore, the first
criterion is greedy in nature, while the second is farther sighted.
Experiments show that the second criterion works often better than
the first one.

Of course, we may use more complicated formulas, a possible
candidate would be

A, = 0 X e AT B SRR R (4-3)

where AVL = average link length of the route; a and B are
parameters, and ¢ + B = 1. The advantage of using this criterion
is that we adjust the parameters to suit a unique problem. CPU
time will increase a little,

In order to reduce computational cost further, we store
intermediate results during the shrink procedure. Instead of
calculating after each insertion the insertion costs of a location
to all the links on the partially formed route and choose among
them the smallest one as its assignment cost, we do that only at
the beginning, and store the assignment cost of each free location
{also the second smallest cost if we use equation 4-2). Each
actual insertion creates two new links. So we just calculate the
insertion costs of all free locations to these two new links, and
compare the results with the stored data. If the new costs are
less than the stored costs, we change the associated links of the
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related free locations. Only for those locations whose assignment
costs are associated with the link broken by the insertion, we need
to do a whole round of recalculation.

The shrink algorithm with the second assignment cost
calculation method has been tried on all the above-mentioned four
problems, and yields solutions identical to those best solutions
from Lin’s algorithm. However, the reduction in computing time is
drastic (see Table 4.1). It should be pointed out that in order to
save time in the experiments, the route cost estimator is also used
in the "sweep+lin" method. Otherwise, the difference in CPU time
between the two would be even greater.

The last two columns in Table 4.1 show that the computation
saving of the shrink algorithm increases with the average number of
locations on the routes (R® > 0.99). The fact makes the shrink
algorithm a useful tocl te sclve large-scale problems. Anocther
merit of the algorithm is that it always gives the same solution
for the same problem, while the random generation of initial routes
renders the output from Lin’s exchange algorithm non-deterministic.

TABLE 4.1 Comparison on Computing time

Froblem N A) Sweep | B) Sweep- Ratio (A/B) hvg. # of
Shrink Lin Loc. /route
1 50 2] 75 0.106 10.0
2 71 25 T32 0.034 ST
3 15 15 120 0.125 T
" 4 134 100 3390 0.029 19.1
Mote: 1 -- Computing times are on a 386SK PC without math coprocessor
2 == Without running Route Improver.
3 —— Ratic of number of iterations to number of locations for Lin's
algorithm is set te 0.3.
4 -- All times are in seconds.

V. The Route Improver

Although the route generating component produces an initial
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solution quite efficiently, there is no guarantee that the
solution is optimal, due to the heuristicity of the algorithm.
Hence, under most circumstances, further improvement is possible.
It is especially true in our case when tight constraints are
present, which severely restricts the route generator from
finding enough feasible sclutions to select from.

In the standard sweep algorithm, inter-route location
replacements is the sole measure to improve the initial solution.
For each route, locations are tried to be inserted into its
front, and deleted from its rear, so as to reduce the total cost.
The benefit from the action is limited. Often, some routes are
good and dc not need location replacement, so blind trials only
waste computing efforts. Or, high wehicle capacity constraint
makes deleted locations unacceptable by routes at rear.

The new system provides much more opportunities for the
refinement of initial selutions, with its Route Doctor module and
its pair-wise re-routing module. Normally, there are two flows
of improvement: 1) initial solution -> Route Doctor -> improved
solution ; 2) initial solution -> pairwise re=router -> Route
Doctor -> improved solution. Out of the two improved solutions,
the better one will be the final output. Figure 5.1 displays the
general structure of the system.

| Flow 1
I

Sweep Selu. | | Shrink >4 Route

e —2 | —

Algm. Heap Algm. > Pairwise >4 Doctor
| Rerouter
I
| Flow 2
I

Route Generator Route Improver

Figure 5.1 The General Structure of the System
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V.I Route Doctor

KEnowledge-based expert systems (KBES) provide a good means for
route improvement (Duchessi 1988). Typically, a KBES is composed
of two components: a knowledge base, and an inference engine. The
knowledge base stores domain knowledge in form of facts, production
rules, etc. Each fact describes an attribute of the problem at
hand, and each rule represents a piece of human knowledge that may
be applicable to solve the problem. The inference engine contains
general problem-solving knowledge in form of meta-rules, which
determine the way to identify symptom from the existing facts
(interpreter) and the sequence to apply relevant rules to find the
remedy (scheduler) (see Figure 6.1). Acceording to the way of
reasoning, inference engines in expert systems are categorized as
backward chaining (from goal to contributing facts), and forward
chaining (from facts to desired goal). Typical routing expert
gsystems use forward chaining, working from an initial set of
conditions and attempt to reach a goal state.

To improve a solution, the Route Doctor module works in a way
similar to that of a human router. 1In general, Route Doctor loops
in two-stage cycles. On the diagnosis stage, it examines the
network and the current solution, obtaining information on general
characteristics of the solution, and searching for symptoms
indicative of specific problems. When multiple problems are found
and categorized, the program picks cut the most "serious" one, as
is defined by meta-rules. On the treatment stage, the program
tries to take a remedial action. If there are multiple actions
which have the potential to solwve the problem, Route Doctor tests
them in an order in accordance with the meta-rules. B2An action is
executed only if it leads to a better feasible solution. The loop
ends when no problem exists or no treatments are found for existing
problems. Human domain knowledge is incorporated into the above
interpreting and scheduling processes. The advantage of using an
routing expert system like Router Doctor rather than a human router
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is the former’s high speed and consistency.

FACTS
Knowledge Base
RULES
i
INTERPRETER
Inference Engine
SCHEDULER

Figure 6.1 Structure of Expert Systems.

Additional notations and definitions used in the this section
are summarized in Table 6.1.

TABLE 6.1 Route Doctor Notations and Definition

La, = angle vicinity of route r;

Ld, = distance vicinity of route r;

Ma, - mean of inter-location angle of route r;

Md_ = mean inter-location distance of route r:

Mr, - mean location radius of route r;

ca, = standard deviation in inter-location angles of route r;

ad, = standard deviation in inter-location distances of route r;

8, , = absoclute value of the angular difference between location i and
location J;

h./t, = the first/last lecation (ranked by polar angle) of route r;

Cn = constant as parameters (n=1,2,...}:

o = A location/cluster which is outlying:;

plgq = locations immediately before/fafter o.

We use the notations of angle vicinity and distance wicinity
of a route. 2Angle vicinity is the weighted sum of the mean inter-
location angle and the standard deviation in inter-lccation angles
of the route (location list is sorted by polar angle), i.e.

La. = Ma_ + €1 * g@a.; (6-1)
while distance vicinity is the weighted sum of the mean inter-
location distance and the standard dewviation in inter-location



Doge 19

distances of the route (scheduled location list), i.e.

Ld, = Md, + C2 * od,. {6—2)
Angle wicinity is used to determine route adjacency and outlying
sectors, and distance vwvicinity is used to determine outlying
locations and clusters.

Currently, Route Doctor uses two types of facts --- the
condition-descriptive facts and the problem-indicative facts. The
former, shown in Table 6.2, define gecmetric relationship among
routes and lccations; while the latter categorize problematic
phenomena in the current sclution, as are described in Table 6.3.

TABLE 6.2 Condition-descriptive Facts
A, Describing route-route relationship

1. Containing: Reoute 1 contains Route 2 if the latter’'s angular range (from a,;
to a,;) is entirely within that of the former, i.e.

L= B - e, - SRy

2. Overlapping: Route 1 and Route 2 are gverlapping each other when part
of their angular ranges overlap, i.e.

8.1 1B, By 12
and the overlapping area between the two routes are defined as

alo,, = a, - ALs,

aup,, = a, + ALa,

where: alo,;/fahi;; = polar angle of the lower/upper boundary

3. Detached: FRoute 1 and Route 2 are detached from each other when their
angular ranges do not overlap, i.e,

L= B - Bee. - By

4. Adijacent: exists only between detached routes. Moreover, Route 2 is
adjacent to Route 1 when

8,, . <= Ala,;

5. MNear-to-Join: Route 1 and Route 2 are near-to-join to each other only
when they are close on the average, i.e.

8, 2 <= 2RE/K (K = # of routes)
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B. Describing route-location relationship

Near-to-receive: Route r is near-to-receive to an outlying location o if

min[ﬂmp, Bﬂ_q:: > B,'h‘

when o is forward, or
minfﬂmn. qu) » ﬂtno,

when o is backward;

Route r iz near-to-receive to an outlying cluster o with
Locations i,i+l,...m (in schedule order) if

min (0 50 On ) > 044

when o is forward, or

min(0; ,, 6

m,q} » Ht,..l-‘

when o is backward;

Route r is near-to-receilve to an outlying sector o© with
Locations i,i+l1,...m (sorted by polar angle) if

ﬁi"ldl > ﬂm.« hr

when o is forward, or

i) > ﬂ'r:,. 4

m,m+l

Also, assuming the outlier o (either an outlying location, or anm
cutlying cluster, or an outlying sector) is on route r2, then rl
is near-to-receive to o if

1. rl contains, or is contained by, r2; or

2. rl overlaps r2 in the same direction as the direction of o

C. Location-location relationship

1. Clusters: Locations i,i+l1l,...m (in schedule order}) on route r form a
clugter if the first locatien i i=s close to all the rast
locations, i.e.

¥y d;, =< €3 * 1d; (§=i+1,1+2,...m)

2. Swappable: Location i on route rl is swappable with Outlying location/
cluster o on route r2 when

8, *r <min(@ 8 ) *r;
where: u is a location in r2, and is the angularly closest
location to rl. The wvalue of the left-hand-side product

iz called the swap-gap value of location 1i.
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Hote: 1. It is assumed that Route 1 is before Route 2 by polar angle.
2. For definitions of outlying location/cluster/sector, see Table 6.3.

Figure 6.2 is the demonstration of certain relationships
between two routes. In Part A, route 1 contains route 2; in Part
B, the two routes are overlapping; and in Part C, route 2 is
adjacent to Route 1, but not vise versa, since the inter-route gap
is smaller than the angle vicinity of route 1 but is greater than
that of route 2.

1) fa ha hi
Routs 2 Pl 1
iy B C

Figure 6.2 Route Relationships

TABLE 6.3 Problem-indicative Facts

1. Underloaded: Route r is underloaded i1f its load is below the average
load toe much, i.e.

w.=<c4d*Zaq /b
i

where: w, = total demand of locations on Route r;
¥. ©Outlying location: Location o on Route r is ocutlying 1f:

1) dp > Ld_, and

2) dofdyq >= €5, and

3) d,/d >= 5, and

4) dwquz »>= C6;

where: d. =d, + d,, the total distance of a location, equals
the sum of the length of the two links connected to the
location;

outlying location/cluster Categ
Upward if r»r, and r2r, and a.,<a,<a.;

v D
L3
[11]
w

! ’
Downward it r<r, and r=r, and ax<ac<ay;
Forward if a~a, and a2>a i
Backward if a<a, and a=<a;

3. oOutlying Cluster: A cluster containing Locations 1,i+l,...m is outlying if
g
all the three conditicns in B are satisfied if we
substitute o with L and let g be the location immediately
after m.
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4. Qutlying Sector: In a route, Locations i,i+l,...,m (ranked by polar angle)
on Route r form an backward outlying sector if:

1, &l.:ﬂf! > Lar: and l:a wide gap]
2) m-i41 < N, / 2; (not too many locations)

where: N = # of leocations in Route r.

Locations m,m#l,...,n forms a forward outlying sector if:

2: Eﬂn-l.l > Lar
3) n-n+l < N, / 2;

5. Border Clash: There is a border clash between two routes if
1) the two routes are overlapping, and
2) within the overlap area, the lower route has an upward outlying

locaticn/cluster, or the higher route has downward outlying
locatien/cluster (the height of route r is indicated by Mr.}.

Note: An putlier can be an outlying lecation or an outlying cluster, or an
cutlying sector.

There can be more than one outlying sectors in either the
front half or the back half of a route. Suppose Route r has
locations i,i+l,...m. While scanning the front half (from m back
to the middle location j ) {(j=(m-i)/2), if we find a gap larger
than the angle wvicinity between two of the locations, say k and
k+1, we mark k+1 through m as an forward outlying sector, and then
continue the scanning. If another big gap is found between 1 and
1+1 (1>3j and 1+1<k), then we mark l+1 through m as another outlying
sector. The scanning on the front half stops when j is hit.
Scanning on the back half for backward outlying section is done in
a similar way.

Figure 6.3 demonstrate certain problem—indicative facts. Part
A shows a backward outlying location ol and an forward outlying
cluster ol; Part B shows an forward outlying sector o03; and Part C
presents a case of border clash.

In determining the swappability of a location in a receiving
route with an outlying location/cluster (see Table 6.2, C.2), we
use the product of its radius and the angular gap between this
location and the outlier-giving route (without the outlier) as the
criterion, for we want to consider those close-to-depot locations
in the receiving route. 1In Figure 6.4, a is swappable with o, but
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b is not. ¢ is also swappable with o, since c's small radius
cffsets the large gap between ¢ and route 2. When the value of gap
is negative (in the case of overlapping), we just use gap as the
criterion, to prevent those far locations with a negative gap from
being tested first.

A B c
Figure 6.3 Problem-indicative Facts

For the presence of many parameters used in the above fact
definitions, one may worries about the proper setting of their
values. 1In fact, using these parameters is convenient rather than
troublesome. The parameters have straightforward meanings, as are
shown in Table 6.4, and their values are easy to determine.
Meantime, they provide leverages for the user to contrel the
running of the system. For instance, we may set parameters C5 and
Cé low, so that the pregram will have greater diagnostic power to
identify less conspicuous outlying locations/clusters.

. i
.;;;::?I_é‘
ET‘L
'ra\ﬂumi
- l/"—.:_ ot
i

Figure 6.4 Location Swappability
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TABLE 6.4 Meaning of Parameters

gl === Weight of standard deviaticon in angle vicinity (=1)

G2t === Weight of standard deviation in distance wicinity (=1}

C3 ——- Maximum ratio of distance between two locations over the route distance
vicinity for the locations teo be regarded as belonging teo a cluster
(=0.2)

Cq === Maximum ratioc of a route's total leoad over the average load for a route

to be considered underloaded (=0.5)

GE ——— Minimum ratiec of the length of an location’s either link over the
location’'s total distance for the location to be considered outlying
(an outlying location/cluster must be detached on both sides) (=0.3)

ChH === Minimum ratio of a location's total distance over the length of the
bypass link for the location to be considered outlying ({an outlying
location/cluster can not be on a fairly straight path) (=1.2)

Hote: Values in parentheses are the wvalues currently being used for the
parameters.

Table 6.5 lists the actions that Route Doctor currently takes
for route improvement. In attempting to eliminate an outlier
(either an outlying sector, or an cutlying location, or an cutlying
cluster); the shift action is always tried first; which is the
simplest action.

If shifting leads to capacity viclation, the swap action will
be tried. First an array of swappable locations in the ocutlier-
receiving route is established, sorted ascendingly by their swap-—
gap value. Combinations of locations in the array which incur no
capacity wviclation are tested as the back-shift group. For
computational efficiency, the size of the array (nl) and the
maximum size of the back-shift group (n2) should be small.
Currently, nl = 5 and n2 = 3;

If swapping again fails to yield a feasible and better
solution, the relay action will then be attempted as the last
measure to eliminate the outlier. Suppose an ocutlier is found in
route A, and route B is near-to-receive to the outlier. If the
shift action will cause an overload in B, and the exceeding weight
can not be shifted back to A, we try to shift some of B’s locations
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to a third route, route C. The relay action is successful if the

net saving of the two shiftings is positive. To reduce computing
time, the two shiftings should be in the same direction. The
locations shifted from B to C can be an outlier, or locations close
to C, selected in a way similar to that of selecting back-shift
grour in the swap action.

While outliers indicate conflicts in horizontal (or more
precise, in periphery), border clashes represent conflicts in
vertical. 1In the wvertical-sweep action, therefore, we apply the
sweep algorithm wvertically. Suppose Locations i,i+l,...m (sorted
ascendingly by their radii) are in the overlapping area between
route 1 and route 2 (route 1 is lower than route 2). We append the
locations sequentially to the non-overlap section of route 1 until
the capacity of route 1 is wviolated. Suppose the last location
appended to route 1 is j. We are done if appending j+1 to m to
route 2 does not lead to a capacity violation in route 2, otherwise
one-to-one location swaps are tried between the two sections of i-j
and j+l1-m for removing the wviolation. Again, some limits are
needed to maintain computation efficiency (see preconditions in
Item 5, Table 6.5).

TABLE 6.5 List of Actions

a i) Join
Description: Combine two routes into one route
Purpose: Eliminate underloaded routes
Preconditions: Between two near-to-join routes; no vehicle
capacity wvioclation
e Shift
Description: Shift an outlier from route A to route B
Purpose: Eliminate the outlier in route A
Preconditions: Route B must be near-to-receive to the ocutlier: no
vehicle capacity wiolation
3. Swap
Description: Shift an outlying leocation/cluster from route A to
route B, meanwhile shift some location(s) from
route B back to route A
Purpose: Eliminate the outlying location/cluster in route A
Preconditions: Route BE must be near-to-receive to the outlier; no

vehicle capacity wiolation
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Description: Shift an ogutlier from route A to route B, and
meanwhile shift some location(s) in route B on to
route C

Furpose: Eliminate the outlier in route A

Preconditions: Route B must be near-to-receive to the outlier;

route C must contains/be contained by route B, or
route C overlaps with or is adjacent to route B in
the same direction as the outlier shifting

5. Nertical-sweep

Description: In the order of their radius, assign locations in
the overlapping area of routes A and B to the non-
overlapping sections of routes A and B

Purpose: Eliminate border-clash condition between routes A
and B

Preconditions: Routes A overlaps with route B; overlapping area is
not too wide (<1/6%)
Not too many locations in the overlapping area
(<15)

Note: The TSP algorithm is applied to all the routes changed in the above

actions.

The following is a simplified example of Route Doctor’s rules

for taking improvement actions:

Lt

IF (problem = outlying location)

AND (route-location-relation = close-to-receive)

AND (route-load + location-demand < vehicle-capacity)
THEN (action = shift)

IF (action = shift)

AND (saving <= 0)

AND NOT (problem = outlying sector)

THEN (action = swap)

As has been mentioned above, a meta-rule serves as either an

interpreter, to identify the most serious problem from the existing

facts, or as an scheduler, to determine the sequence of applying

relevant rules to that problem. Table 6.6 displays the principal

of some meta-rules employed in Route Doctor,

TABLE 6.6 Principal of Some Route Doctor Meta rules

If an underleoaded route exists, try to eliminate it first, regardless of any
outliers or border-clashes.

If both outliers and border clashes exist, first try to eliminate the former.

If both outlying sectors and an outlying locations/clusters exist, try to
eliminate the former.
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