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Which Algorithm for  Scheduling Add-on Elective Cases 
Maximizes Operating Room Utilization? 
Use of Bin Packing Algorithms and Fuzzy Constraints in Operating 
Room Management 
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Background: The algorithm to schedule add-on elective cases 
that maximizes operating room (OR) suite utilization is un- 
known. The goal of this study was to use computer simulation 
to evaluate 10 scheduling algorithms described in the manage- 
ment sciences literature to determine their relative perfor- 
mance at scheduling as many hours of add-on elective cases as 
possible into open OR time. 

Methods: From a surgical services information system for two 
separate surgical suites, the authors collected these data: (1) 
hours of open OR time available for add-on cases in each OR 
each day and (2)  duration of each add-on case. These empirical 
data were used in computer simulations of case scheduling to 
compare algorithms appropriate for “variable-sized bin pack- 
ing with bounded space.” “Variable size” refers to differing 
amounts of open time in each “bin,” or OR. The end point of the 
simulations was OR utilization (time an OR was used divided by 
the time the OR was available). 

Results: Each day there were 0.24 +: 0.11 and 0.28 f 0.23 sim- 
ulated cases (mean f SD) scheduled to each OR in each of the two 
surgical suites. The algorithm that maximized OR utilization, Best 
Fit Descending with fuzzy constraints, achieved OR utilizations 4% 
larger than the algorithm with poorest performance. 
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Conclusions: We identified the algorithm for scheduling 
add-on elective cases that maximizes OR utilization for surgical 
suites that usually have zero or one add-on elective case in each 
OR. The ease of implementation of the algorithm, either man- 
ually or in an OR information system, needs to be studied. (Key 
words: operating room economics; staff scheduling; surgical 
services.) 

A PRODUCTIVE surgical suite includes elements such as 
low cancellation rates, minimal overtime personnel 
costs, and high utilization. Utilization equals the time 
that an operating room (OR) is used, including setup and 
cleanup, divided by the length of time an OR is available 
and staffed. To maximize utilization, elective cases are 
scheduled to be completed during regularly scheduled 
hours (e.g., Monday through Friday from 7 A.M. to 3 P.M.). 

Elective cases (which we define as those for which the 
patient can wait for surgery for at least 3 days, eg.,  Friday 
to Monday) can be scheduled by surgeons until a spec- 
ified cutoff time (eg., 10 A.M. the working day before 
surgery). At that predetermined cutoff time, cases are 
assigned to ORs and given predicted start times. After 
the cutoff time, surgeons can submit additional add-on 
elective cases to be scheduled into the remaining open 
OR time. To maximize OR utilization, as many hours of 
the submitted ?dd-on elective cases are scheduled as 
possible into the open OR time. 

Several algorithms can be used to determine how to 
schedule add-on elective cases into the remaining open OR 
time. Surgical suites commonly schedule add-on elective 
cases on a firstcome, first-served basis. Algorithms that 
schedule each case as soon as the case is submitted are 
referred to as “on-line” algorithms.’,2 Alternatively, all of 
the requests for add-on elective cases may be batched 
together or saved until a set time (eg., 4 P.M. the day before 
surgery). Only then are the cases considered and assigned 
simultaneously to ORs in the surgical sdte. Algorithms 
using this strategy are referred to as “off-line” algorithms.’,2 
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Table 1. Features of the 10 Aleorithms Considered in the Study 

Feature 

Algorithm Number 

5, 7 6, 8 
1, 3 2, 4 ~~ 

~ Best Fit Worst Fit 
Best Fit Worst Fit Descending Descending 9 

(without or (without or (without or (without or ___ 10 
with fuzzy with fuzzy with fuzzy with fuzzy Worst Fit - 

constraints) constraint) constraints) constraints) Ascending “Hybrid 

Patient and surgeon can be given an OR and time 
assignment as soon as the case is submitted 
(yes “on-line,” no “off-line”) On-line On-line Off-line Off-line Off-line Hybrid 

Patient and surgeon can be informed immediately that the 
case will not be performed unless there is a cancellation Yes Yes No No No Yes 

Patient and surgeon must wait until the cut-off time for an 
OR and time assignment No No Yes Yes Yes Yes 

Computer or scheduler using algorithm must be able to 
determine at the time each case is submitted whether 
there are restrictions preventing assignment of a case into 
an OR Yes Yes No No No Yes 

on scheduled duration No No Yes Yes Yes Yes 

available for the new case and with the least or most 
amount of additional time available Least Most Least Most Most Least 

Cases are prioritized for scheduling by being sorted based 

Case is scheduled into the OR with sufficient additional time 

OR = operating room. 

The algorithm for scheduling add-on elective cases that 
maximizes OR utilization is unknown. Because salaries 
of OR staff account for the majority of OR costs,3 it is 
important to match optimally add-on elective cases to 
when there are OR staff scheduled to work (i.e., to 
maximize OR utilization). The goal of this study was to 
use computer simulation to evaluate statistically several 
scheduling algorithms described in the management sci- 
ences literature in terms of their relative performance at 
scheduling as many hours of add-on elective cases as 
possible into open OR time. 

Methods 

Review of the Algorithms To Schedule Add-on 
Elective Cases 
Ten different algorithms to schedule add-on elective 

cases into ORs were considered (table 1).$. These algo- 
rithms, taken from the management sciences or opera- 

§ ’She definitions that we give for each o f  the algorithms do not 
match precisely the definitions found in the management sciences 
litenture. We have simplified the definitions. For example, the pub- 
lished algorithms would schedule a case into an empty OR only if the 
case cannot be scheduled into another OR. Because none of the 
operating rooms in our analysis is empty, we did not include this 
condition. 

tions research literature, are appropriate for the “vari- 
able-sized bin packing problem with bounded space.” ‘ J  
The process of scheduling a patient for surgery in an OR 
is equivalent mathematically to packing an item into a 
bin. Because each OR contains one or more previously 
scheduled elective cases, the open time available in each 
OR for add-on elective cases differs among ORs. This is 
why the bins are considered to be “variable-sized.” The 
number of ORs available for add-on elective cases is 
fixed, providing for the phrase “bounded space.” 

On-line Algorithms. On-line aigorithms consider 
each case in the order in which cases are submitted.”2 
We evaluated the effect on OR utilization of the follow- 
ing four on-lipe algorithms (table 1): 

Algorithm # I :  Best Fit. Each case is assigned to the OR 
that (1) has sufficient additional time available for the 
new case and ( 2 )  has the least amount of additional 
time available. This algorithm was used as the standard 
against which the other algorithms were compared. 

Algorithm #2: Worst Fit. Each case is assigned to the OR 
that (1) has sufficient additional time available for the 
new case and ( 2 )  has the longest amount of additional 
time available. 

Algorithm #.3: Best Fit with fuzzy constraints. Same as 
algorithm #1 with the addition of fuzzy constraints 
(described below). 
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Algorithm #4: Worst Fit with fuzzy  constraints. Same as 
algorithm #2 with the addition of fuzzy constraints. 

and Worst Fit Ascending schedule cases into ORs pro- 
vided that the cases can be completed within the open 

Off-line Algorithms. Off-line algorithms, in which 
cases are batched before being scheduled, use a speci- 
fied cutoff time for the submission of add-on elective 
cases (eg . ,  4 P.M. the day before surgery). Because off- 
line algorithms batch cases together and schedule 
add-on elective cases into ORs simultaneously, they are 
known generally to be able to schedule more total hours 
of add-on elective cases than the on-line algorithms.’92 
We evaluated the effect on OR utilization of the follow- 
ing five off-line algorithms (table 1): 

Algorithm #5: Best Fit Descending. Add-on elective 
cases are sorted based on scheduled duration from 
longest to shortest. Cases are considered in this de- 
scending order, such that the longest add-on case is 
assigned to an OR first.* Best Fit is applied to deter- 
mine to which OR each case is assigned. 

Algorithm #6: Worst Fit Descending. Cases are sorted 
based on scheduled duration from longest to shortest. 
Cases are considered in this descending order. Worst 
Fit is then applied. 

The algorithms used commonly for off-line bin packing 
are Best Fit Descending (algorithm #5) and Worst Fit 
Descending (algorithm #6). Both algorithms schedule 
long add-on cases while there are still ORs with long 
periods of open OR time.4 

Algorithm #7: Best Fit Descending with fuzzy con- 
straints. Same as algorithm #5 with the addition of 
fuzzy constraints. 

Algorithm #8: Worst Fit Descending with fuzzy con- 
straints. Same as algorithm #6 with the addition of 
fuzzy constraints. 

Algorithm #9: Worst Fit Ascending. Cases are sorted 
based on scheduled duration from shortest to longest. 
Cases are considered in this ascending order. Worst Fit 
is applied. 

We included Worst Fit Ascending (algorithm #9) to 
represent a clerk who is handed a stack of requests for 
add-on elective cases. In this situation, the clerk may use 
a scheduling algorithm that does not require computa- 
tion (i.e., assigns short cases to ORs with lots of time). 
Worst Fit Ascending is known to perform relatively 
poorly at maximizing OR utilization’ and as such serves 
as a positive control. 

Fuzzy Constraints. FUZZY constraints were included 
in algorithms #3, #4, #7, #8, and #10 (below). Best Fit, 
Worst Fit, Best Fit Descending, Worst Fit Descending, 

OR time. However, this fixed criterion may not be what 
is truly desired. For example, an OR manager may want 
to schedule a 5-h add-on case, although the longest time 
available in any of the ORs is 4 h and 55 min. It may be 
desirable to assign the case to the OR even though the 
total duration of cases in that OR is expected to exceed 
the preset time limit. To allow for such flexibility, fuzzy 
constraints were used in the following manner. Cases 
were considered in the order specified by the algorithm. 
If no OR had sufficient open time available for the case, 
but sufficient open time was available in the OR with the 
most remaining time provided the scheduled duration of 
the case was shortened by 5 15 min, then the case was 
assigned to the OR with the most remaining time. 

Algorithm #lo: Hybrid Algorithm. We also consid- 
ered a hybrid algorithm that we created to have advan- 
tages of both on-line and off-line algorithms. Algorithm 
#10 requires determination at the time that each case is 
submitted whether there are restrictions preventing as- 
signment of a case into an OR. As each new add-on case 
is submitted for consideration, all add-on cases that have 
previously been assigned to a specific OR and the new 
case are reassigned using Best Fit Descending with fuzzy 
constraints (algorithm #7). If all add-on cases that have 
previously been assigned to an OR and the new case 
cannot be scheduled, then the new case is not sched- 
uled. The surgeon is informed that the case will not be 
performed in the surgical suite that day unless there is a 
cancellation (i.e., an increase in the open hours in the 
surgical suite). If all add-on cases that have previously 
been assigned to an OK and the new case can be sched- 
uled, then the case being considered is added to the 
array of “add-on cases that have previously been assigned 
to an OR.” The surgeon and patient are informed that the 
case has been added to the elective schedule. However, 
neither an OR nor a time assignment is given to the 
surgeon or patient. Then, the process is repeated for 
subsequent submitted cases. At the specified cutoff time 
for the submission of add-on elective cases, surgeons and 
patients are given OR and time assignments from the 
most recent schedule developed for the array of add-on 
cases. 

Overview of Our Computer Simulation Study 
Comparing the Relative Performance of the 
Algorithms at Maximizing OR Utilizution 
To compare which of the 10 algorithms yields the 

highest OR utilization, a computer model of OR sched. 
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ding of add-on elective cases was created. First, actual 
data were collected from two surgical suites to get 
probability distributions used in the simulations. 
These data were: (1) number of hours of open time 
available for add-on cases in each OR in the surgical 
suite each day and (2) duration of each elective add-on 
case. Second, these two sets of measured time data 
were summarized by fitting probability distributions 
appropriate for the data. Third, the probability distri- 
butions were used in computer simulations to com- 
pare the performances of the different scheduling 
algorithms. Best Fit (algorithm #1) was used as the 
standard to which the other algorithms were com- 
pared. The relative performance of each algorithm 
was summarized using OR utilization. 

Collection of Empirical Data Used To Generate the 
Probability Distributions Required To Perform the 
Computer Simulations 
The time data were obtained from each of two differ- 

ent surgical suites: the University of Iowa’s tertiary sur- 
gical suite (1 1,600 cases per year during regularly sched- 
uled hours in 22 ORs) and the University of Iowa’s 
Ambulatory Surgery Center (4,800 cases per year in six 
ORs). The Ambulatory Surgery Center includes routine, 
elective, outpatient cases. Cases in the two surgical 
suites were scheduled independently. Our testing of the 
algorithms using computer simulation was performed 
separately for these two surgical suites. 

The “open O R  time,” or staffed OR time remaining 
after regularly scheduled elective cases had been 
scheduled, was obtained for all working days between 
April 1, 1998, and June 30, 1998. For the tertiary 
surgical suite, there were 1,183 combinations of OR 
and days from which to measure the remaining open 

/ I  One assumption of the analysis is that each add-on case is sched- 
uled independently of other add-on cases. Although this assumption 
would not apply for living partial donor hepatectomy and correspond- 
ing liver transplant or living donor nephrectomy and corresponding 
kidney transplant, none of the 1,007 electzzle cases was one of these 
procedures. Twenty-seven cases (2.7%) were performed by a surgeon 
who had another add-on elective case. However, we treated these 

O R  time (e.g., one combination might be 2 h remain- 
ing in OR #9 on June 26). For the Ambulatory Surgery 
Center, there were 218 combinations of OR and days. 
To use these data (the time remaining in hours in each 
OR in a surgical suite) in the computer modeling, an 
empirical probability distribution5 was generated for 
each surgical suite (ExpertFit; Averill M. Law & Asso- 
ciates, Tucson, AZ). 

The actual (i.e., not scheduled) duration of each add-on 
elective case performed between July 1, 1997, and June 
30, 1998, was obtained. There were 751 of these add-on 
elective cases performed in the tertiary surgical suite and 
258 in the Ambulatory Surgery Center. The duration of 
each add-on case was considered to equal the time from 
when the preceding patient exited the OR until the 
patient undergoing the add-on elective case exited the 
OR. If the turnover time exceeded 1 h, a turnover time 
of 1 h was used. Otherwise, interpreting the time be- 
tween two cases without a maximum value would ex- 
aggerate the time actually used to perform the needed 
cleanup and setup between the two cases. The proba- 
bility distributions for the case durations (again, includ- 
ing the preceding turnover time) were log normal5 (Ex- 
pertFit). 

Use of Probability Distributions in Computer 
Simulations To Compare Performances of the 
Scheduling Algorithms at Maximizing OR 
Utilization 
The probability distributions previously described 

were used in computer simulations to generate hypo- 
thetical values for the number of hours of open OR time 
and the duration of each elective add-on case. With this 
step, the computer analyses scheduled cases using each 
of the 10 algorithms to determine which algorithm 
yielded the highest OR utilization. 

We wrote $he computer code (Microsoft Excel 97 
Visual Basic; Microsoft Corp., Redmond, WA) such that 
the computerized statistical data analysis11 proceeded in 
the following stepwise manner for each surgical suite 
(figs. 1 and 2): 

cases indcpendently because these data were collected over a period 
when OR utilization for elective cases was sufficiently low that almost 
all add-on elective cases were added to the schedule. Conseauentlv. 

1. A hypothetical surgical suite began each day with no 
add-on cases scheduled in any of the ORs. The time 

. I  

add-on elective cases were used by some surgeons as  a common 
mechanism to schedule their cases. As considered in the Discussion 
section, the algorithms considered in this report are relevant when not 
all cases can be scheduled. Therefore, the value of 2.7% overestimates 
the percentage when scheduling algorithms are being used for sched- 

remaining in each of the ORs in the suite was sampled 
from the empirical probability di~tribution.~ The total 
time remaining in all of the ORs was then calculated 
and termed “total available time.” 

2. Add-on elective cases with their concomitant turn- 
over times were generated until the sum of the dura- 

uling add.on elect,ve 
mizing OR utilization. 

in surgical suites co,lcerned about maxi. 
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Fig. 1. Computer simulation uses real op- 
erating room (OR) time data (to obtain sta- 
tistical distributions) and simulates the 
scheddhg of add-on elective cases into 
ORs to determine which algorithm maxi- 
mizes OR utilization. A hypothetical surgi- 
cal suite begins with no add-on cases. The 
computer simulation modeling uses ran- 
dom draws from a probability distribution 
to generate open available time in each OR 
in the hypothetical surgical suite. Then, 
add-on elective cases (with their turnover 
times) are generated until the sum of the 
durations of the submitted add-on elective 
cases exceeds the total time remaining the 
operating rooms. These cases are sched- 
uled into the operating moms using one of 
the 10 algorithms studied (table 1). OR uti- 
lization is computed for each algorithm. 
Utilization equals the time that an OR is 
used, including setup and cleanup, divided 
by the length of time an OR is available and 
statTed. 

tions of the “submitted” add-on elective cases ex- 
ceeded the total available time. The duration of each 
case was sampled from the log-normal di~tribution.~ 
The add-on elective cases from step #2 were scheduled 

algorithms below because this number of trials was suf- 
ficient for the SEs of the calculated means to be < 0.1% 
for all comparisons. 

using one of the algorithms studied. The total hours of 
add-on elective cases scheduled during the regularly 
scheduled hours was then calculated and expressed as a 
percentage of the total hours available for cases during 
regular hours. The algorithms that use fuzzy constraints 
permit cases to be assigned to an OR provided that the 
case does not have a duration > 15 min longer than the 
open OR time. Only the hours of cases scheduled to be 
completed during regularly scheduled hours were con- 
sidered when calculating the total hours of add-on elec- 
tive cases. 
Steps #I to #3 were repeated to represent a total of 
5,000 days of elective surgery. The output from each 
set of 5,000 simulated days was the OR utilization, 
calculated using the total hours of regularly sched- 
uled and add-on elective cases, including turnover 
times.# We report the results of the analysis as the 
mean difference in performance (OR utilization) 
achieved by each algorithm as compared with Best 
Fit, a commonly used algorithm (P value by paired 
two-sided Student t test). 

Sensitivity Analyses 
Because computer simulation was used to describe the 

scheduling of add-on cases using different algorithms, 
the analysis could be run multiple times to explore 
sensitivity effects (i.e., parameters were varied to deter- 
mine their impact on OR utilization). 

Sensitivity Test A. Some surgical services information 
systems schedule cases in increments of 15 min (e.g., the 
second case of the day in an OR would start at 9: 15 A.M., 

not at 9:12 A.M.). Therefore, steps #1 and #2 were mod- 
ified by rounding available times in the ORs and dura- 
tions of the add-on cases to the nearest 15 min. 

Sensitivity Test B. At some surgical suites, the num- 
ber of submitted add-on elective cases may be large 
relative to the total number of hours of open OR time. 
The off-line (“batching”) algorithms would then be ex- 
pected to perform particularly well at maximizing OR 
utilization relative to the on-line algorithms, because 
off-line algorithms consider the cases simultaneously and 
thus can evaluate the additional cases for a good match 
between each case’s duration and the open time in each 

We used a total of 5,000 simulated days for each of the OR. Step #2 was modified by generating add-on 
cases with their concomitant turnover times until the 
sum of the durations of the “submitted” add-on elective 

step #1. 

# Donham RT, Mdzzei WJ, Jones RL: Procedural times glossary. Am J 
Anesth 1996; 23(Suppl):5-12. The glossary is also available at http:// 
aacdhq.org/glossary.htm. The word “utilization” in this article refers to exceeded twice the time from 
“adjusted utilization” as defined by the glossary. 
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Remainin! 
open OR 
time (hr) 
2.1 1 
1.11 
1.33 
0.81 
0.49 
1.86 

Step #2 

1.07 
1.09 
0.92 
1.28 

Stec 
Schedule using Best Fil 
Descending with fuzzy 

constraints 
Case B into OR #1 
Case A into OR #6 
Case F into OR #3 
Case D into OR #2 
Case E into OR #4 

Schedule using 
Worst Fit Ascending 
Case E into OR #I 
Case C into OR #6 
Case D into OR #3 

Fig. 2. Example of scheduling add-on elective cases into the Ambulatory Surgery Center. In step #1, the time remaining in each of 
the six operating rooms in the suite was calculated. In step #2, the durations of add-on elective cases were determined. In step #3, 
the add-on elective cases were scheduled into the operating rooms (OW). Results of step #3 are shown for Best Fit Descending with 
fuzzy constraints (algorithm #7) and Worst Fit Ascending (algorithm #9). Best Fit Descending scheduled the cases in descending 
sequence of case duration. Worst Fit Ascending scheduled cases in ascending order of case duration. In this example, Best Fit 
Descending with fuzzy constraints permitted five add-on elective cases to be completed, providing 6.65 h of cases during regularly 
scheduled hours (revenue). Case C would not be completed in the surgical suite on the day considered. In contrast, Worst Fit 
Ascending permitted only three of the add-on elective cases to be completed, achieving 3.08 h of cases (revenue). The other three 
add-on cases would not be completed on the day considered. Sensitivity analysis A modified steps #1 and #2 by rounding available 
times in the operating rooms and durations of the add-on cases to the nearest 15 min. 

Sensitivity Test C. Some add-on cases may not be 
performed in some ORs because the personnel already 
assigned to each OR may not have the necessary expe- 
rience to perform the case. Such restrictions were mod- 
eled by eliminating the first choice of the scheduling 
algorithm and scheduling each case into the OR that was 
the second choice. 

Results 

Analysis of Empirical Data from OR Databases To 
Generate the Necessary Statistical Distributions To 
Perform tbe Computer Simulations 
Tertiary Surgical Suite with 22 OM. At the 10 A.M. 

cutoff time the working day before surgery, there were 
1.26 * 1 .60 h (mean i SD) of time remaining in each OR 
per day. No open time was available to schedule add-on 
elective cases in 42% of the ORs. The duration of add-on 
elective cases, including their turnover times, was 
3.35 ? 1.74 h. 

Ambulatory Surgery Center with Six ORs. At the 
10 A.M. cutoff time the working day before surgery, there 
were 0.98 2 1.23 h of remaining time in each O R  per 
day. There was no open time available to schedule 
add-on cases in 45% of the ORs. The duration of add-on 
elective cases, including their turnover times, was 
2.06 i 0.91 h. 

Computer Simulation of OR Utilization Using the 
Best Fit Algorithm (Standard to Which the Other 
Algorithms Were Compared) 
The simulated O R  utilization before scheduling add-on 

elective cases was 84% for the tertiary surgical suite and 
85% for the Ambulatory Surgery Center. Using Best Fit 
(algorithm #1) to schedule add-on elective cases into 
ORs, OR utilization was 92.7% for the tertiary surgical 
suite and 92.5% for the Ambulatory Surgery Center (table 
2,  columns 1 and 2). The simulations scheduled 0.24 i 
0.11 cases each day into each OR of the 22-room tertiary 
surgical suite. There were 0.28 5 0.23 cases scheduled 
each day into each OR of the six-room Ambulatory Sur- 
gery Center. 

Computer Simulation Results To Determine Which 
Algorithm Fields the Highest OR Utilization 
Operating room utilization was affected by the algo- 

rithm chosen to schedule add-on elective cases (table 2). 
All mean differences were significantly different from 0% 
at P < 0.05. 

Surgical suite utilization rates were highest with Best 
Fit Descending with fuzzy constraints (algorithm #7; 
table 2). For the tertiary surgical suite, the difference 
between this algorithm’s OR utilization and the OR uti- 
lization achieved by the algorithm with the lowest OR 
utilization (Worst Fit Ascending, algorithm #9) was 4.1%. 

The increases in OR utilization achieved by using both 
fuzzy constraints and off-line algorithms relative to using 
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Table 2. Differences among Algorithms in Ooerating Room Utilization W o )  

Double the Total Hours of 
Submitted Add-on Cases 

(sensitivity analysis B) 
Algorithm 
Number U Iowa ASC U Iowa ASC 

Best Fit (% to  which each column is compared) 
Worst Fit 
Best Fit with fuzzy constraints 
Worst Fit with fuzzy constraints 
Best Fit Descending 
Worst Fit Descending 
Best Fit Descending with fuzzy constraints 
Worst Fit Descending with fuzzy constraints 
Worst Fit Ascending 
"Hybrid" algorithm 
Sensitivity analysis C 

Best Fit with restrictions 
Best Fit Descending with restrictions 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

92.7 
-1.7 

0.4 
-1.1 

0.4 
0.3 
1.3 
1.1 

-2.9 
1 .o 

-0.5 
0.4 

92.5 
-0.7 

0.8 
0.1 
0.4 
0.4 
1.5 
1.3 

-1.6 
1.1 

-0.3 
0.4 

94.1 

0.5 
-0.7 

0.7 
0.6 
1.7 
1.5 

-3.2 
1.2 

-0.4 

-1.5 

0.7 

93.9 
-0.7 

0.9 
0.3 
0.6 
0.5 
1.9 
1.6 

-1.9 
1.4 

-0.3 
0.6 

U Iowa = University of Iowa's tertiary surgical suite; ASC = Ambulatory Surgery Center. 

In the first line of the table, OR utilization achieved by Best Fit is reported. In subsequent lines results are reported as the mean difference in OR utilization 
achieved by each algorithm compared with Best Fit. For example, referring to row 7 column 2, using data from the University of Iowa's tertiary surgical suite, the 
OR utilization achieved by Best Fit Descending with fuzzy constraints was, on average, 1.3% greater than the utilization achieved by Best Fit. All values are means 
and have standard errors less than 0.1 %. 

Best Fit were greater than the sums of the increases in 
OR utilization achieved by using fuzzy constraints or 
off-line algorithms (table 2) .  The hybrid algorithm (algo- 
rithm #lo) had an intermediate effect on OR utilization 
(table 2 ,  rows 3,  7, and 10). 

Sensitivity Analyses 
Sensitivity Analysis A. Rounding case durations to 

the nearest 15 min affected differences among algo- 
rithms in OR utilization by < 0.2%. 

Sensitivity Analysis B. The increase in OR utilization 
achieved by using the algorithm with the highest utiliza- 
tion (Best Fit Descending with fuzzy constraints, algo- 
rithm #7) versus lowest utilization (Worst Fit Ascending) 
was larger when there was twice as many hours of 
add-on cases submitted than could be scheduled (table 2). 

Sensitivity Analysis C. Restrictions into which OR a 
case can be assigned had essentially no impact on OR 
utilization achieved by the off-line algorithms (table 2 ,  
rows 11 and 12). 

Discussion 

Application of Our Results to Other Surgicul Suites 
(Study Limitutions) 
We used computer simulation as an analytical tool to 

understand better how an intervention (such as using 

different algorithms for deciding in which OR to assign 
an add on case) is likely to impact OR utilization. We 
identified the algorithm, Best Fit Descending with fuzzy 
constraints, for scheduling add-on cases that is most 
likely to maximize OR utilization. Our results suggest 
that, to optimize O R  utilization, add-on cases should be 
considered simultaneously at a cutoff time (e.g., 4 P.M. 

the day before surgery) and then scheduled based on 
scheduled duration from longest to shortest. If no OR 
has sufficient open time available for an add-on case, but 
sufficient open time is available in the OR with the most 
remaining time provided the scheduled duration of the 
case is shortened by 9 15 min, then the case should be 
scheduled into the OR with the most remaining time. 
Although this approach may be best to maximize OR 
productivity, OUC results may not apply to surgical suites 
in which maximizing OR utilization is secondary to de- 
mands by other stakeholders in the OR, such as surgeons 
and patients. 

Our results are subject to the condition that the surgi- 
cal suite usually has sufficient additional time in each OR 
to schedule either zero or one add-on elective case. If 
only zero or one add-on elective case could be sched- 
uled into each OR, then Best Fit Descending with fuzzy 
constraints (algorithm #7) and Worst Fit Descending 
with fiizzy constraints (algorithm #8) would produce 
identical and maximal OR utilization. Best Fit Descend- 
ing with fuzzy constraints performed slightly better than 
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Worst Fit Descending with fuzzy constraints because 
occasionally more than one add-on elective case was 
performed in an OR. When scheduling longer cases, Best 
Fit Descending left open some OR time in which a 
second short case considered later could fit. The limita- 
tion that our results only apply when each OR usually 
has zero or one add-on elective cases is unlikely to limit 
the usefulness of our results because the mean number 
of cases per OR per day in the United States is 2.0." 

There are two other implications of the limitation of 
our results to surgical suites that have a few add-on 
elective cases per OR per day. First, almost all add-on 
elective cases were scheduled into ORs with sufficient 
open time for only one add-on elective case. As a result, 
scheduling all of the add-on elective cases at a predeter- 
mined cutoff time (off-line) worked particularly well 
compared with algorithms that scheduled cases as they 
were submitted (on-line). Second, with many surgeons 
and only a few add-on elective cases each day, the 
probability of a surgeon scheduling more than one 
add-on elective case each day is small. This permits the 
assumption** that each add-on case is scheduled by a 
different surgeon and thus can be scheduled indepen- 
dently of other add-on cases. 

The utilization for elective cases excluding add-on elec- 
tive cases equaled approximately 85% in the tertiary 
surgical suite and Ambulatory Surgery Center. If the 
surgical suite utilization had been higher, fewer hours 
would have been available for add-on elective cases, and 
the mean number of add-on cases per OR per day would 
have been even < 0.24-0.28, respectively. Then, the 
differences in utilization among scheduling algorithms 
would have been less than we observed. Our results are 
of limited relevance to surgical suites with a utilization 
approaching 100%; such surgical suites would not re- 
quire an algorithm to schedule add-on elective cases 
because no such cases would be scheduled. In contrast, 
surgical suites with large day-to-day variability in the 
number of hours of submitted elective cases will have a 

lower utilization rate. For such surgical suites, the use of 
scheduling algorithms for add-on elective cases may be 
particularly beneficial. 

Our results are relevant economically to surgical suites 
that schedule add-on elective cases into open OR time 
provided the cases are scheduled to be completed dur- 
ing regularly scheduled hours. Such surgical suites share 
two common features. First, labor costs are higher when 
cases are routinely completed after regularly scheduled 
hours. For example, staff may be full-time hourly em- 
ployees who work 40 h per week during regularly sched- 
uled OR hours, and thus receive overtime at 1.5 times 
the regular wage for working after regularly scheduled 
hours. Alternatively, staff may be salaried employees 
who frequently quit, citing long working hours. Second, 
add-on elective cases that cannot be scheduled to be 
completed during regularly scheduled hodrs are not per- 
formed in the surgical suite that day. For example, the 
surgical suite may have a fixed budget (staffed hours of 
OR time) for elective cases, regardless of how many 
elective cases are submitted by the surgeons. Alterna- 
tively, the surgical suite may only schedule an elective 
case outside of regularly scheduled OR hours if there is 
insufficient open OR time for the case during a time 
period of many work days (eg. ,  4 weeks). 

Economic Implications 
We found that the algorithm with the best expected 

performance (Best Fit Descending with fuzzy con- 
straints) is predicted to increase utilization of the surgi- 
cal suite by approximately 4% over the worst-performing 
algorithm. Although this increase may seem small, it can 
translate into important increases in revenue for a surgi- 
cal suite with a fixed staff budget for elective cases. This 
optimal algorithm, whether implemented manually by a 
scheduler or programmed into an OR scheduling system, 
can increase OR revenue without increasing the number 
of staffed QR hours. For a surgical suite such as the 
tertiary surgical suite with 22 ORs, an 8-h regularly 
scheduled work day, and a mean case duration of 3.35 h, 
a difference of 4.2% in utilization corresponds approxi- 
mately to an additional 7.4 h of cases per day (22 X 8 X ** The condition to which our results are sensitive (i,e.,  few add-on 

elective cases) was satisfied at the two surgical suites we evaluated 
when we repeated the analysis without using simulation. Dividing the 0.042) or 2.2 cases per day (7.4 t 3.35). If OR time is 
observed number of add-on elective cases in a year by the product of charged at $13/min, anesthesia time is charged at $45 an 
the number of operating rooms in each suite used for elective cases American Society Of Anesthesiologists relative value 
and the number of elective surgery days during the year gives 0.14 scale unit, and reimbursement is 50% of charges, then 

the surgical suite gains $877,344 per year: (7.4 h/day) X cases per OR for the tertiary surgical suite and 0.17 cases per OR for 
the Ambulatory Surgery Center. Dividing the total hours of add-on 

(247 OR days/yr) ('* min/h) [$l 3/min fox 
for elective cases during the year gives 6.1% for the tertiary OR suite OR time + ($45 per unit +- 15 min per unit)] X 50% 
and 5.2% for the Ambulatory Surgery Center. reimbursement. The financial benefit would be larger il 

elective cases in the year by the number of hours of OR time available 

Anesthesiology, V 91, No 5, Nov 1999 

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/91/5/1491/398672/0000542-199911000-00043.pdf by guest on 19 April 2024



1499 

SCHEDULING OF ADD-ON CASES 

more hours of add-on elective cases were submitted 
(sensitivity analysis B). 

Our analysis is appropriate for surgical suites with at 
least some staff who are full-time employees without 
overtime. If overtime is frequent because of the time to 
complete elective cases, then the surgical suite has cho- 
sen to schedule elective cases outside of regularly sched- 
uled hours. For example, in some communities compe- 
tition among surgeons and surgical suites for patients 
may be sufficiently intense that a surgical suite wanting 
to perform a case must provide staffing for the case 
within a work day. In this setting, the goal of a schedul- 
ing algorithm for add-on elective cases is to schedule the 
cases to minimize the total number of overtime hours. 
The scheduling algorithm to achieve this objective was 
analyzed previously.’ 

Issues in Implementing the Algorithms 
Implementation of off-line matching) algorithms such 

as Best Fit Descending requires that add-on elective cases 
be considered simultaneously at a specified cutoff time 
for the submission of such cases. Generally, this restric- 
tion will be practical because the information system or 
OR manager doing the scheduling at the cutoff time is 
likely to know about most restrictions, limiting into 
which OR a case can be scheduled. In contrast, off-line 
algorithms may not be practical at some surgical suites 
because surgeons or patients may not accept having to 
wait until the cutoff time to learn whether they will have 
surgical time for a case. At such surgical suites, the 
hybrid method may be acceptable and may provide bet- 
ter performance than on-line algorithms. 

The defining characteristic of on-line algorithms is that 
the patient and surgeon can be told immediately 
whether the case has been scheduled into an OR and, if 
so, to what OR the case has been assigned and with what 
expected Start time. Implementation of an on-line algo- 
rithm requires that either the computer or scheduler 
using the algorithm can determine at the time that each 
case is submitted whether there are restrictions prevent- 
ing assignment of a case into one or more ORs. For 
example, the equipment required for the case may not 
be able to fit in one of the ORs. If an on-line algorithm is 
to be used, higher utilization can be achieved by using 
Best Fit rather than Worst Fit. 

None of the algorithms that we considered needs to be 
implemented using an OR information system. Because 
almost all add-on elective cases are scheduled into ORs 
with sufficient open time for only one add-on elective 
case, implementation of the algorithms is straightfor- 

ward and can be performed manually, especially at sur- 
gical suites with few numbers of ORs. 

Operating room managers who implement Best Fit 
Descending, with (algorithm #7) or without (algorithm 
#5)  fuzzy constraints, for scheduling add-on elective 
cases using an OR information system may achieve a 
secondary advantage of being able to use the same com- 
puter program for scheduling elective cases (i.e., not 
add-on elective cases). Among the on-line and off-line 
algorithms that we considered, Best Fit Descending 
achieves the highest percentage utilization when used to 
schedule elective cases into a prespecified number of 
OKs.’ OR managers who schedule their surgical suites to 
maximize OR utilization may want to use Best Fit De- 
scending when assigning elective cases to ORs. 

Fuzzy Constmints May Not Be Useful in OR 
Scheduling Other Than for  Add-on Cases 
The appropriateness of using fuzzy constraints for OR 

scheduling depends on both the baseline utilization for 
elective cases (excluding add-on elective cases) and the 
number of ORs. If, for example, a hypothetical surgical 
suite with few ORs and high utilization (before placing 
the add-on elective cases) uses fuzzy constraints, then 
the use of 15 min of “flexibility” afforded by fuzzy con- 
straints is no different than extending the duration of 
the regularly scheduled day by 15 min. If a different 
hypothetical surgical suite with many ORs and a low 
utilization (excluding add-on elective cases) uses fuzzy 
constraints, then the use of 15 min of flexibility inter- 
mittently may be appropriate. This argument applies 
generically to applications of fuzzy constraints to OR 
scheduling. 

Duration of an Add-on Case Should Be Estimated 
Using the Mean of the Durations of Previous Like 
Cases When Applying Our Results 
We designed o,ur analysis to be appropriate economi- 

cally for surgical suites with at least some staff who are 
full-time employees without overtime. For convenience. 
we consider surgical suites with regularly scheduled OR 
hours that are 8-11 per day, 5 days per week. For each day 
that an hourly employee works longer than 8 h, there 
must typically be another day within the pay period 
when they can stop working sufficiently early to ensure 
that the mean work week does not exceed 40 h. Conse 
quently, case durations need to be predicted in a mannei 
to ensure that the mean time that cases are completed in 
each OR is within the 8-h period. An add-on elective case 
would be scheduled into an O R  provided that the case is 
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scheduled to be completed within the 8-h period (al- 
though we also considered fuzzy constraints to relax this 
requirement). Therefore, provided that cases are sched- 
uled in a manner so that the mean error in the time to 
complete the series of consecutive cases in each OR is 5 
zero, errors in surgeons’ predictions of the durations of 
their cases will not increase labor costs. The mean time 
to complete a series of consecutive cases approximately 
equals the sum of the mean times to complete each of 
the consecutive cases.* Therefore, for inaccuracy in pre- 
dictions of the durations of cases to not increase labor 
costs in the economic setting that we simulated, each 
add-on elective case should be scheduled using the mean 
duration of previous like cases (e.g., same scheduled 
procedure and surgeon).* 

Conclusions 

We identified the algorithm for scheduling add-on 
cases that maximizes OR utilization. Our simulations are 
likely to reflect reality for surgical suites with sufficiently 
few add-on elective cases each day (1) that usually have 
sufficient additional OR time to schedule zero or one 
add-on elective case in each OR and ( 2 )  in which the 
probability of a surgeon scheduling more than one 
add-on elective case each day is small. The algorithm can 
be used manually by a scheduler or can be implemented 

in an OR information system. The ease of implementa- 
tion of the algorithm, either manually or in an OR infor- 
mation system, needs to be studied, as well as the con- 
ditions under which the algorithm actually increases (or 
does not increase) OR utilization relative to strategies 
currently used by O R  managers. 
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