
Get Real
    GIS-Based Route Optimization

By Don Weigel, ESRI Transportation Products and Services

Unlike any other commercial routing and 
scheduling system, ESRI routing software uses 
GIS data management with the latest opera-
tions research techniques. While several com-
peting systems utilize map display, none take 
advantage of the true street network topology 
to accurately model time and distance. This 
shortcoming of nonGIS routing software can 
cause substantial errors. The best optimization 
algorithms in the world will generate grossly 
inaccurate results if the underlying time and 
distance data are not correct.
 ESRI’s GIS-based approach loads the geo-
metric network (i.e., x,y coordinates represent-
ing streets and highways) from a map database 
into a logical network that can be accessed by 
optimization solvers. Logical networks con-
tain information about the topology of the net-
work and can store the true connectivity of 
the network so that overpasses, underpasses, 
one-way streets, speed limits, and turn restric-
tion conditions can be accurately modeled. 
This accurate representation of the travel net-

work, combined with state-of-the-art optimi-
zation techniques, results in a solution that is 
closer to optimal and more practical.

Routing as the Crow Flies
Traditional route optimization software that 
is not based on GIS technology determines 
the ideal sequence that each address is visited 
using Euclidean or as-the-crow-flies distance. 
However, this can be extremely inaccurate 
causing gross underestimates of mileage that 
lead to overcommitments, blown appointment 
times, miscalculation of overtime potential, 
and inaccurate load balancing.

How the Crow Would Have to Drive
In the illustration “Comparing Routing Tech-
nologies,” the mileage using as-the-crow-flies 
routing is one-third the actual mileage of the 
route plotted on streets. Modern GIS software 
and faster computers allow route optimization 
algorithms to build routes using more accurate, 
geography-based time and distance derived 
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Comparing Routing
Technologies

Route Mileage Using
as-the-Crow-Flies Routing
West route (green): 8.7 miles
East route (red): 8.2 miles
Total = 16.9 miles

Street Plotted Route
West route: 29.4 miles
East route: 27.0 miles
Total = 56.4 miles

GIS-Optimized Route
West route: 23.0 miles
East route: 24.2 miles
Total = 47.2 miles
Mileage savings of 17 percent
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that require a minimum number of customers 
to be serviced or limit the total number of cus-
tomers, or both.
 The core solver is composed of the follow-
ing major components:
• The origin–destination (OD) matrix
• Resource assignment
• Sequence and route improvement

Constructing the OD Matrix
An OD matrix containing the travel time (dis-
tance) from one customer location to another 
provides the primary data for resource assign-
ment, sequencing, and route-improvement pro-
cedures. The travel time is obtained by apply-
ing a shortest path algorithm to a GIS street 
network database. This prevents unrealistic 
scenarios such as routes crossing mountains, 
water bodies, or areas with no road access. 
Accurate distances and times are crucial for 
solution quality. For instance, although two 
locations in a mountain area seem close based 
on the Euclidean distance between them, they 
may actually be miles apart on the road net-
work. GIS software provides the data needed 
to build an accurate OD matrix by also includ-
ing such factors as speed limits; one-way 
streets and barriers; vehicle starting and ending 
locations; and depot, landfill, or order loca-
tions.

Resource Assignment
Once the OD matrix is built, it is possible 
to solve the route optimization problem. The 
resource-assignment algorithm assigns stops 

from GIS street network data. This means 
drive times are more realistic, appointment 
times promised to customers can be kept, over-
time is minimized, and the workload can be 
more accurately balanced.
 GIS-based routing not only finds the short-
est path between stops in terms of time and 
distance, but also evaluates and fine-tunes 
the initial clustering. It swaps stops within 
and between routes to further reduce mileage. 
Advanced optimization algorithms combined 
with a GIS street database allow companies to 
realize increases in efficiency of between 15 
and 20 percent over manual methods and as-
the-crow-flies routing software systems.

ESRI’s Approach to Route Optimization
Vehicle routes are defined as tour runs. Tour 
runs route a vehicle from a depot through a 
series of visits to a set of customers in a cer-
tain sequence and return the vehicle to a depot. 
Each customer must be visited by exactly one 
vehicle and the total load, measured either by 
weight or volume, associated with all the cus-
tomers on the route must not exceed the capac-
ity of the vehicle. Furthermore, customer time 
windows can be considered. Routes are built 
to minimize the total cost in travel time, dis-
tance, or other parameters. The optimization 
algorithms also consider factors such as vehi-
cle type, employee schedules (including such 
factors as working hours, days off, training, 
and breaks), vehicle starting and ending loca-
tions (these may be different), multiple depot 
alternatives, and restrictions on total route time 
that include travel and on-site time if the driver 
is not authorized for overtime.
 These algorithms can also support pre-
defined areas (i.e., limiting specific drivers 
to specific areas to ensure that drivers can 
become familiar with these areas, or a union’s 
request that senior employees be assigned to 
favored areas be honored, or that carriers under 
contract be assigned to the contract areas). 
They can consider the number of orders per 
route to honor contract or union agreements Continued on page 42
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Origin/Destinational Matrix 
OD matrix of the times
and distances from each
location to all other
locations on the network
t=time
d=distance

to vehicles. The resource assignment algorithm 
incorporates multiple objectives by using adjust-
able weights in the objective function while 
assigning stops to vehicles. Weights are real 
numbers used as traversal costs by the algo-
rithm. The assignment algorithm treats some of 
the constraints, such as skill set, vehicle capac-
ity (either by weight or volume), and prece-
dence, as hard rules that cannot be violated 
during the assignment procedure without pro-
ducing infeasible routes. Other constraints, such 
as time windows or the duration of a route, are 
viewed as soft rules that can be violated by 
accepting the associated penalties. The assign-
ment algorithm tries to minimize both penalties 
and travel time when it assigns stops. 
 First, the assignment algorithm builds an 
initial route for each available vehicle (r). 
The initial route contains only the starting and 
ending points. The algorithm then computes 
the travel time (tr), the amount of time window 
violation (vr), and waiting (or free) time (wr) 
for each vehicle. It treats overtime as a time 
window violation for the vehicle. If a vehicle 
returns to the ending point before the shift 
ends, that time is treated as free time.
 The objective function of the current solu-
tion can be determined by 

www.esri.com          ArcUser  January–March 2001  41

where α
1
, α2, and α3 are the weights for 

travel time (distance), the amount of time-
window violation, and waiting (free) time, 

α1Σ tr + α2Σvr + α3Σwr



respectively. Users can adjust these weights 
based on location factors or seasonal business 
objectives and geographic characteristics.
 In the second step, the assignment algo-
rithm inserts any unassigned stop into a route 
between two consecutive vertices that repre-
sent stops or the starting, seed, or end points. 
If the set of all unassigned stops is represented 
by U, for each vehicle route (r) and position 
(k) where a stop may be inserted, a corre-
sponding insertion cost is determined for an 
unassigned stop (i) as follows:
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Continued from page 41

single route. Theoretically, this is the travel-
ing salesman problem with time windows and 
other side constraints such as capacity and pre-
cedence. Since the underlying optimization is 
an NP-hard problem (i.e., a specific type of 
computational search problem), heuristics are 
used to solve the problem. A move is defined as 
an operation that transforms the current solu-
tion (in this case, a route) to a new solution. 
Forward and backward insertions are used to 
solve the problem. These insertions improve a 
route by relocating stops within it.

Inter-Route Improvement
Solving a vehicle routing problem involves two 
types of decisions. The assignment decision 
identifies which route serves each stop. The 
routing decision determines the sequence of 
stops within a route. The intra-route improve-
ment procedure improves the initial routing 
decision. However, it is impossible to obtain 
a significant improvement by revising only 
the routing decision. The inter-route improve-
ment procedure is a heuristic that evaluates 
all routes in a multiple route problem and 
explores additional opportunities for revising 
the assignment decision to obtain better solu-
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where ∆tirk is the change in travel time, ∆virk 

is the amount of time window violation, and 
∆wirk is the waiting time of route r, if stop i is 
inserted at position k of this route. If route r 
does not have the specialty stop i requires or 
if the capacity of route r will be exceeded if
stop i is inserted at position k, then the inser-
tion cost is infinite. Stop j is selected and 
inserted into the route t at position q such that 
cjtq = min{ cirk | for all i, r, and k}.
 As soon as a route receives a real stop, the 
seed point is eliminated from the route. Route 
attributes, such as travel time, time window 
violation, and waiting (free) time, are modi-
fied correspondingly. After unassigned stop j is 
inserted into some route, let U = U\{j}. If there 
are no more stops to assign (U= ), the assign-
ment algorithm either goes on to the postinser-
tion improvement procedure or stops. If there 
are still stops to insert (U≠ ) the algorithm 
updates the insertion costs for all the elements 
in U by considering all possible routes and 
positions in those routes and repeats this inser-
tion step.

Sequence and Route Improvement
The sequence-and-route-improvement proce-
dure refines the initial routes generated by the 
assignment procedure. Let R = (V, A) repre-
sent a route, where V is the set of vertices rep-
resenting the starting point, ending point, and 
stops and A is the set of arcs connecting pairs 
of vertices in the route. Each arc (i, j) that is an 
element of A has an associated cost tij, indicat-
ing the travel time from i to j. The procedure 
considers all the routes built in the assignment 
process as a whole system. Based on that, 
the algorithms find the most suitable route for 
each stop and the best position for each stop 
within individual routes. The procedure con-
sists of two major heuristic procedures—intra-
route and inter-route improvements.

Intra-Route Improvement
The purpose of intra-route improvement is to 
find the best position for each stop within a 

tions. It uses transfer and exchange moves to 
relocate stops between two routes.
 In a transfer move, the heuristic removes 
a stop from the origin route and inserts it in 
the destination route at a determined insertion 
position. For each potential move, the heuristic 
computes the transfer cost based on the trans-
ferred stop, the destination route, and the inser-
tion position. In an exchange move, two stops 
from different routes are relocated simultane-
ously into another route. The heuristic decides 
the insertion positions for these stops in their 
respective destination routes. Computing the 
exchange cost for each potential move is based 
on the exchanged stops, the routes involved, 
and the insertion positions in the routes. 

Internet Applications
ESRI is moving this routing technology to the 
Internet. ESRI’s Transportation/Logistics Ser-
vices Group is deploying solutions that inte-
grate ArcIMS, vehicle routing, vehicle tracking, 
route optimization, and wireless technologies. 
For more information on GIS-based routing, 
contact Don Weigel at dweigel@esri.com.

cirk = α1∆tirk + α2∆virk + α3∆wirk


