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FOREWORD 

The research project, "Innovative Resource Planning in Urban Public 
Sa!ety Systems," is a multidisciplinary activity, supported by the National 
SClence Founda~ion, and involving faculty and students from the M.I.T. 
Schools.o! Englryeering, Architecture and Urban Planning, and Management. 
The admlnlstratlve home for the project is the M.I.T. Operations Research 
Center. The research focuses on three areas: 1) evaluation criteria, 
~) analytlcal tools, and 3) impacts upon traditional methods, standards, 
~oles, a~d opera~lng.proc~dures. The work reported in this working paper 
1~ asso~lated prlmarlly wlth category 2, in which a set of analytical and 
slmulatlon models are developed that should be useful as planning, research, 
and management tools for urban public safety systems in many cities. 

The work reported herein was supported by the National Science 
Foundation under Grant GI38004. 
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ABSTRACT 

The increasing demand for urban emergency services raises the possi

bility that the quality of service provided might be improved by a better 

matching of resources to needs through a process of screening. Because of 

the risk of errors on the part of the screener, there is a natural reluc

tance on the part of those responsible for providing these services to 

undertake such a program. In this paper we provide a methodology for 

characterizing the quality of a screening program and establishing the 

conditions under which the introduction of screening can improve service. 

Screening is also compared to adding response units as an alternative 

method for improving service. 

While it is probably impossible to determine the actual performance of 

screeners theoretically, it is possible to analyze mathematically a rather 

simple process called "categorical screening." We have determined the 

optimal categorical screening policy under two conditions: IIloss screening," 

in which screened calls receive secondary rather than primary service; and 

"priority screening," in which screened calls are assigned low priority in 

any queues that form. The fact that a screening method as crude as cate

gorical screening can improve service suggests that trained personnel should 

be able to do much better . 



-iv-

Table of Contents 

FOREWORD 

ACKNOWLEDGEMENTS 

ABSTRACT 

Li5t of Figures 

1. INTRODUCTION 

2. LOSS SCREENING 
2.1 Performance Measures 
2.2 Analysis of the Single Server Case (N = 1) 
2.3 Analysis of the Multi-Server Case (N > 1) 
2.4 Screening as an Alternative to Larger Systems 
2.5 A Useful Reformulation 

3. PRIORITY SCREENING 
3.1 Performance Measures 
3.2 Analysis of the Single Server Case (N = 1) 
3.3 Analysis of the Multi-Server Case (N > 1) 

4. ANALYSIS OF A SIMPLE SCREENING RULE 
4.1 Categorical Screening 
4.2 Analysis of Categorical Screening 
4.3 An Algorithm for Categorical Screening 
4.3.1 Single-Server Loss Screening 
4.3.2 Multi-Server Priority Screening 
4.3.3 Multi-Server Loss Screening: The Continuous Analog 
4.3.4 Multi-Server Priority Screening: The Continuous Analog 
4.4 A Sample Calculation for Categorical Loss Screening 

SUMMARY 

REFERENCES 

; ; 

i i 

iii 

v 

5 

5 

9 

11 

12 

15 

20 
20 
21 
22 

24 

24 
25 

27 
27 
31 

31 

35 

37 

43 

45 

.. Figure 

1. 

2. 

3. 

4. 

5. 

6a. 

6b. 

7. 

8. 

9. 

" 

Ii 
Ii 
n 
ij 
!! 
1I 
13 

... "/ 

-v-

List of Figures 

The Screening Process 

Si ngl e-Server Case: Impact of pip fp an(c fn on 
Over- and Under-response 

M~lti-Server Case: Impact of Pfp and Pfn on 
Over- and Under-response 

Effect of Screening Errors on the Number (N) of Units 
Needed to Match the Performance of a Ten-Server System 
without Screening 

Single-Server Case: 
and Under-response 

Impact of Pok and Peg on Over-

Continuous Analog for Single-Server Categorical Loss 
Screening with Three Different Call Rates 
Continuous Analog of Multi-Server Categorical Loss 
Screening with Different Call Rates and Numbers of 
Un'its 

S';,ngle-Server Case: Loss and Priority Screening 
(Hypothetical Continuous Example) 

Operating Points Under Various Screening Policies in 
I'Boston ll Exampl e 

Performance of Screening System Under Various Screening 
Policies in "Boston" Example 

Page 

7 

10 

13 

14 

19 

34 

34 

36 

40 

41 



1. INTRODUCTION 

Providers of any emergency service must be conscious of the quality of 

their service, the costs of the services and the morale of their personnel. 

It is a frequent observation that these three aspects of emergency service 

are suffering in the face of a general increase in demands of a non-emergent 

nature being placed on emergency services [lJ. Increased demand creates 

pressure for expansion of services, with corresponding increases in costs; 

while the allocation of resources to non-emergent problems increases the 

likelihood that proper service will not be available for true emergencies 

and leads to complaints by emergency service personnel that their special 

skills are being wasted. In Boston only 35% of patients transported by the 

city's emergency ambulance service were classified as emergent in a review 

of emergency room records [2J. 

Emergency ambulance attendants, for example, tend to feel resentful 

toward someone who requests their services for a routine trip to a hospital 

for a scheduled clinic visit. The result of this resentment may be a barrier 

of suspicion erected between the emergency service agency and the public it 

serves, with potentially serious consequences to an individual whose situa

tion is less than obviously emergent. This was demonstrated by a recent inci

dent in Boston in which a patient who had used the emergency service for ap

parently routine ambulance trips suffered inordinate delays in receiving 

emergency ambulance service when it was really needed [3J. 

At the same time, the threshold for invoking emergency aid is set 

too low among some people, it is also set too high in others, especially for 

people with medical emergencies. Mogielnicki, et al. [4] found that residents 

in Cambridge, Mass. with truly emergent problems bypassed the formal emergen

cy ambulance system entirely in getting to the emergency room, In order to 
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reach out to these people, many communities have implemented the 911 

emergency telephone number or at least have established a well-publicized 

telephone number for centralized emergency dispatch. This is likely to 

have two resul ts: the improved access; bil Hy stimulates the use of emergency 

services by those with true emergencies who might otherwise have responded 

less appropriately, but also increases the number of calls which are not 

emergent, 

Given the two problems of over-use of emergency services by those with 

non-emergent problems and under-use by those with true emergencies, one 

potentially useful strategy is both to improve citizen access to the system 

and ·to establish some form of screening (or IItriage ll ) mechanism. This has 

been done, for instance, in New York City, where call s for emergency ambu

lances received through 911 are transferred to nurse-screeners who verify 

the need for an ambulance (and also provide medical advice and information). 

Other cities appear to have established various informal screening mechani

sms, apparently under pressure from emergency personnel, which focus more on 

control of perceived non-emergent calls than on proper handling of true 

emergencies. 

The notion that priority should be given to patients most seriously in 

need of care is appealling so that triage has enjoyed support from emergency 

medical planners, and although formal triage is rare most emergency rooms 

employ some sort of informal triage process [5]. The pressure for formalized 

emergency medical screening prior to the dispatch of an ambulance was in

creased last year by one of the requirements of the Emergency Medical 

Services Systems Act which is almost the sole source of federal funding for 

planning, operating and improving emergency medical services systems. Sys

tems eligible for funding are expected to in~lude the 911 system and to 

.. 
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"utilize emergency medical telephonic screening" (defined to be a "communi

cations system [that] has the capability of redirecting requests for assis

tance that appear to be non-emergent in nature ll ) [6]. 

Unfortunately, there are absolutely no guidelines available to those 

who will be responsible for this screening process which could indicate what 

the consequences of screening will be in differently configured systems 

(urban vs. rural; low demand vs. high demand); what cost-effective alterna

tives to screening might exist; what kinds of screening decision rules 

should be employed; and how the performance of the screen'jng process can be 

monitored and evaluated. ',The need for a clear analysis of this problem is 

intense because of the legal, political, ethical and emotional problems in

volved in the denial of service; and because there is a potential conflict 

in the benefits afforded by screening to the call and to the emergency ser

vice agency: the caller would like to r'ecieve service, but the agency would 

like to keep its non-emergent workload down. 

Although this report does not address every aspect of the screening 

problem, it is a first attempt to outline some of the issues unambiguously, 

and to analyze the screening process mathematically so as to determine the 

conditions under which screening of calls can improve emergency service. 

Most of the report is formulated in terms of the screening of calls for 

emergency ambulance service, but the results are general and apply to other 

services, such as hospital emergency departments or police. We shall ana

lyze two types of screening arrangements. In the first arrangement, which 

we call IIloss screening,1I we assume the existence of a two-level response 

system which seeks to reserve its IIprimaryll service for true emergencies and 

uses its IIsecondaryll or backup service to handl e both non-emergency ca 11 s 

and those true emergencies which arise when the primary service is saturated. 
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In the second arrangement, whi ch we ca 11 "pri ori ty screeni ng, II a 11 ca 11 s are 

responded to by the same vehicles, in the same way, but the order in which 

calls are answered is such that true emergencies move to the head of any 

queue for service that develops. 

In both arrangements the analysis is similar. With no screening, a 

true emergency might receive poor service, either because it must be given 

to the secondary service when all the primary ambulances are busy (in the 

first case) or because it must wait its turn for service (in the second 

case). If the problem were caused by the allocation of resources to non

emergency cases, then screening might help avoid these problems, However, 

screening introduces the possibility of a different problem: misclassifica

tion of calls. If a true emergency is wrongly classed as non-emergent, it 

may receive worse service in a system with screening than in one without. 

If screening decisions were never wrong, screening would always improve 

service. Mistakes, however, are inevitable, and our goal is to find the 

conditions under which--on the average--the errors made in screening are 

compensated by the reduction it brings about in the demand for service from 

non-emergencies. 

r 
1 

i 
! ;\" 
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2. LOSS SCREENING 

2.1 Performance Measures 

Under loss screening, a call for service will be answered by either the 

primary or the secondary service. By assumption, the primary service is a 

better tra'ined, better equipped, specialized service appropriate for true 

emergencies. Thus, the system can be said to have failed the true emergency 

if the call is directed to the secondary, i.e., if the service is provided 

by a secondary rather than a primary server. Such an occurence will be 

ca 11 ed an "under-response" and the probabil ity of under-response shoul d be 

the most important measure of the efficiency of the service (we assume that 

differences in response time between primary and secondary are negligible). 

An under-response occurs either when an emergency call is misclassified as 

a non-emergency, or when the emergency call is given to a secondary ambulance 

because all the primaries are already busy. For instance, if a heart attack 

is handled by an unequipped vo"unteer ambulance rather than a mobile coronary 

unit, or if a family dispute is handled by a patrolman rather than a 

family crisis u~it, then a system under-response is said to have occured. 

We shall assume that there are always sufficient sl~condary units available 

to answer a 11 ca 11 s di rected to the secondary service [7J. 

While under-response is the more important measure of service quality, 

another measure of interest to the service provider is over-response, which 

occurs when the primary service handles a non-emergent case, potentially 

jeopardizing an impending emergent case and causing some frustration to the 

operating personnel. 

To analyze the probabilities of over- and under-response, define 

P u = probabi 1 ity of Ulider-response to a true emergency. 
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Po = probability of over-response to a non-emergency. 

Pav = probability that primary service is av_~lJi...b)~ to handle a 

case. 

Pfn = probability that the screener will make a (aL~e_ n~9ii.tiye 

error, i.e., will class a true emergency as a non-emergency. 

Pfp = probability that the screener will make a false positive 

error, i.e., will class a non-emergency as a true emergency. 

Pe = probability that a given call is a true emergency. 

Note that with no screening, we can say Pfn = 0 and P
fP 

= 1. Ideally, with 

perfect screening Pfn = 0 and PfP = 0, but this will not be the case in 

practice. See Figure 1 for a representation of the path of a call through 

the system. 

To find the probabil ity of under-response, P u'. note that an under

response occurs either when the screener makes a false negative error or 

when no mistake is made but the primary service is unavailable to an emer .. 

gency call. Thus. 

(1 ) 

Over-response can occur only when the screening officer makes a 

false positive error while primary service is available. Thus, 

(2) 

1 .. 

True 
emergencies 

1 - P fn 

-7-

Primary Pay Call receives 
servi ce 1---------.;71 primary service 
assigned 

Call 
assi gned to 
secondary 

only 

Call receives 
secondary 
service 

Figure 1: The Screening Process 
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Through equations (1) and (2) we have characterized the performance of a 

system in terms of the quality of the screening process (PfP,Pfn ) and the 

operational readiness of the system (P ). av 
The probability that primary service is available, Pav ' can be computed 

from a knowledge of demand, the screening process, and the size of the 

service. 

Let 

N = number of service units (e.g., ambulances) in the primary 

service. 

T = average time required to service one call, in hours. 

C = average number of calls received by the screener per hour. 

(C is assumed to be a constant during a working shift for the 

units.) 

F = fraction of calls which the screener attempts to assign to 

the primary service. 

(3) 

If we made the reasonable assumptions that calls arrive at random (in a 

Poisson manner) and that successive service times are independent with finite 

mean then reference to any good text on queuing theory will show that 

P = 1 _ (CTF)N/N! 

av ~(CTF)k/k! 
(4) 

k=Q 

Thus, using eq!lations 1 to 4, we can compute the probabil ities of 

under- and over-response for any screening program, as characterized by Pfn and 

, \ , 
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2.2 Analysis of the Single Server Case (N = 1) 

Analysis of the conditions on the false negative and false positive 

error rates is algebraically tedious for a primary service with mote than 

one service unit (or "server"), but relatively easy for the use of a single

server primary. For this case, equation (4) specializes to 

P = .,,---..;..1 = 
av 1 + CTF 

(5) 

Thus, recalling equations (1), (2) and (3) 

P = (1 _ P ). CT[Pe(l - Pfn ) + (1 - Pe)PfpJ 
u Pfn + fn 1 + CT[Pe(l - Pfn ) + (1 - Pe)PfpJ 

P = P • 1 
o fp 1 + CT[P (1 - P ) + (1 - P )Pf J e fn e p 

Manipulating these equations, we derive the following linear conditions on 
the screening parameters. For the introduction of screening to reduce under
response compared to the situation with no screening, we require 

1 
P u < 1 + CT ' 

1 + CT(l - P ) 
[ CT ( 1 - P e) e ] P fn + P fp < 1 

or (6) 

For screening to reduce over-response we require 

or [ 
CTP l 

1 + c~p J Pfn + PfP < 1 
e . 

(7) 

These two relationships are shown in Figure 2. Note that there are 

three regions, corresponding to three classes of screening programs. Those 

in the upper right of Figure 2 are characterized by such high error rates 

that no screening is preferable on both counts. Those in the lower left have 

error rates sufficiently low that both under-response and over-response are 
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No screening 

1. J~------------------"----,, ~ Worst 
case 

f 

both over
and under
response 
improved 

Perfect 
screening 

over-response 

both over- and 
under-response 
worsened 

improved but 
under-response worsened 

i 

+ CT(l - P ) e 

Figure 2: Single-server Case: 
Impact of Pfp and Pfn on Over- and Under-response 

1.0 

1 
f-- 1 + CTP 

e 

improved by screening. Those in the middle region "crack down" sufficiently 

against "abusers II so that over-response is improved, but deny primary service 

to so many true emergencies that under-response is worsened by screening. 

This middle region is intriguing, for in it an agency can satisfy its inter

nal needs by protecting itself from spurious calls, while actually providing 

poorer service to the public, as measured by the more important yardstick of 

under-response probabiiity. Thus, the commonly held view that a screening 

program to weed out non-emergency cases will benefit the truly emergency 

cases is not necessarily true. In contrast, however, Figure 2 illustrates 

that all screening programs designed to lessen the probabil ity of under

response will also lessen the probability of over-response. When the public 

benefits, the service provider benefits, but not necessarily vice-versa. 

The degree of error tolerable in the screening process is reflected in 

the range of values of Pfn and Pfp contained within the triangular area in 

the lower left of Figure 2. This area grows with the quantity CT(l - P ), e 

whi ch represents the non-emergent workload of the system. '.Thus, screeni ng 

becomes a more plausible strategy when the number of calls per hour, C, 

increases, when the time to service a call, T, increases, and when the pro-

portion of all calls which are truly emergent, P , decreases. e 

2.3 Analysis of the Multi-Server Case (N > 1) 

As noted earlier, the multi-server case is algebraically complex and 

must be solved numerically. One general statement can be made: the criteria 

for successful screening (i.e., for reduction in P ) are more stringent for u 
a larger system than for a smaller system with the same potential demand per 

server, CT/N. This is illustrated in Figure 3, which compares a busy system 

with one primary server to a ten server system facing a proportionately equal 
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demand. In the smaller system, for instance, a screening process character

ized by Pfn = 0.2, PfP = 0.2 would reduce the likelihood of under-response 

to a true emergency, while the same screening process in the larger system 

would increase under-response. 

2.4 Screening as an Alternative to Larger Systems 

When demand for emergency service increases, providers of the service 

can respond either by attempting to control supply or to control demand, or 

both. A supply-oriented response is to increase the size of the primary 

service (i.e., increase N). A demand-oriented response is to screen out non-

emergent demand. The same methods used above to compare screening against no 

screening can be used to find the number of primary servers needed with and without 

screening to provide the same level of under-response. 

An illustrative example is shown in Figure 4, which lists for various 

pairs of screening parameters the number of primary servers required to 

match the performance of a very busy ten-server system wi thout sCl"'eeni ng. 

Those screening programs characterized by low error rates permit the same 

level of service to be provided by fewer servers. For instance, the per

formance of the ten server system without screening can be matched by an 

eight server system coupled with a screening program characterized by 

Pfn = 0.05, Pfp = 0.40. 

Note, however, that as the quality of screening progra~s decreases, so 

does the potential saving in the number of servers, until the screening pro-

cess introduces so many errors that more than ten servers are required to 

compensate for the errors made in screening. The program characterized by 

Pfn = 0.15, PfP = 0.60 requires eleven servers, for instance. When the rate 

of false negative errors is sufficiently high, it becomes impossible to match 

: i 
,1 

Ii 
I 

80 

60 
N = 

40 both 
over-
and 

under-
response 

20 improved 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
I 
I 
I 
I 

20 
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and under-response worsened 

over-response improved but 
under-response worsened 

N = 1 

40 60 

N = 10 

N = 1 

Note: Example constructed for: P = 0.50 e 

CNT = 1.00 

N = Number of Primary Uni ts. 

Figure 3: Multi-Server Case: Impact of PfP and 
P on Over- and Under-Response 
fn 

100 
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the ten server system without screening, no matter how many servers are used 

with screening .. In the example shown in Figure 4, this occurs for P
fn 

> 0.20. 

It is important to observe that the ability of any given screening program 

to substitute for expansion of the primary server depends on how busy the 

service is and on how many calls are truly emergent. The results in Figure 

4 pertain to an extremely heavily loaded system (CT/N = 1.0). Should the 

loading on that system be reduce\~ by half (CT/N = 0.5), it happens that 

only screening programs with virtually no false negative errors lead to 

savings in the number of servers. The results for any particular case can 

be obtained using equations (1), (3) and (4). 

2.5 A Useful Reformulation 

Conceptually, the preceding analysis is complete. However, the formu

lation in terms of false positive and false negative error rates is not 

convenient for implementation, monitoring and evaluation since information on 

false negative cases can only be had by reviewing cases served by the secon

dary service. It may often happen that different agencies provide the pri

mary and secondary serviG:e, and monitoring the quality of the screening pro

cess may be inordinately difficult owing to the different procedures and 

record-keeping policies of the providers. We now present a reformulation of 

the analysis from a more practical point of view for the primary service. 

Define two new parameters to characterize the screening process; 

Pok = probability that a given call wi'll initially be assigned 

(l'ok'd") by the screener to receive primary service. This 

probability is distinct from the probability that primary 

service is actually given, since receipt of service depends 

on the availability of a server. 
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P = conditional probability that a particular case is truly eg 
emergent, given that it actually gets primary service. We 

would expect that under a careful screening process 

P > P ; and we assume that primal~Y server unavailability eg e 

is independent of the true need of any patient whom the 

screener attempts initially to assign to the primary service. 

Use of these parameters presents two advantages over use of false negative 

and false positive error rates. First, Peg can be determined by retrospec

tive review of only those cases handled directly by the primary service (e.g., 

review by physicians of hospital emergency room records); this should facili

tate identification of cases and location of records. Second, Pok can be 

easily determined from a simple log of calls handled by the screener and has 

a direct operational interpretation--Pok represents the IIdegree li of screening, 

a value near 1.0 indicating that few calls are deliberately deflected to the 

secondary service. 

Each pair (Pok,Peg ) corresponds uniquely to a pair (Pfn,P
fP

)' Using 

the laws of conditional probability we can write 

P - P P P = e eg ok 
fn P e 

(8 ) 

and 
P k(l - P ) = 0 eg 

1 - P e 
( 9) 

so that 

(10 ) 

Thus, knowing the characteristics of a screening system in terms of Pok and 

Peg' we can convert to the earlier characterization and compute the probabili

ties of under- and over-response using equations (1) and (2). 
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As before, analysis is impractical for multi-server systems but 

rather easy for a single primary server. The conditions under which screen

ing will improve under- and over-response, analogous to equations (6) and (7) 

are now, respectively, 

(1 + CT)P kP - (CTP )P k - P > a o eg e 0 e ( 11) 

and 

(1 + CT)P kP - (1 + CTP )P k + (1 - P ) > a . o eg e 0 e (12 ) 

Similarly, we can characterize the performance of the various pairs 

(P k'P ) as was done previously in Figure 2; this is shown in Figure 5. The o eg 
relatively narrow crescent in the upper portion of the figure represents 

those screening programs which improve service. Ulote that because of the 

nature of the variable transformations in equations (8) and (9), Figure 5 

contains two regions which are physically impossible to reach.) Numerical 

calculations indicate that the crescent characterizing successful screening 

programs shrinks considerably in size as N, the number of primary servers, 

increases at the same value of CT. 

A word is in order about estimation of the parameters. Unlike Pok and 

Peg' which can be estimated from data readily available to the primary ser

ver, P e requires a search for data throu.ghout the secondar'y service as vlell . 

In practice, calls deflected to the secondary service will probably be rela

tively expensive to investigate; thus, Itthereas Pok can be logged continuously 

and P might be obtained through frequent sample surveys, estimation of Pe eg 
may have to be done on the basis of an infrequent sample. Of course, experi-

enced personnel might subjectively estimate Pe , but any fixation on their part 

with lI abusers" could lead to underestimates of P , "/hich in turn would result e 
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in inappropriately lax criteria for judgement of a screening program, since 

the crescent in Figure 5 (and the lower left region in Figure 2) grows as 

Pe decreases. The parameter Pay could be simply logged by the screener. 

Thus for each incoming call the screener would record his decision about 

the nature of the call (emergency/non-emergency) and would record the state 

of the primary system (available/unavailab1e). These data would be used to 

estimate Pok and Pav respectively. Retrospective reviews of those cases 

actually handled by the primary service would provide the estimate of Peg' 

Finally, a retrospective sample survey of all calls would estimate P • 
-- e 

\ I 
i i 
I' 

It 
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\ I . 
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!i 
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Note: 
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Example constructed for: Pe ~ 0.20 

CT::: 1.00 

both over- and under
response improved 

1.0r---,-~~------------------------------__ 

0.7 

0.3 

0.2 

0.1 

a 

L--~--Equation 11 

over-response 
improved and 
under-response 
worsened 

INFEASIBLE 

= P e 

Equation 12 

0.1 0.2 0.3 0.4 0.5 0.6 

P k(l-P ) = l-P o eg e 

and under-response 

Figure 5: Single-Server Case: Impact of Pok and Peg 
on Over- and Under-Response 
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3. PRIORITY SCREENING 

3.1 Performance Measures 

Priority screening is descriptive of a rather different type of emer

gency service. Now we envision a service lacking a secondary 1eve1--all 

calls are eventually taken care of by the primary servers. Whereas in the 

loss system, any call arriving when the primary service was saturated was 

"lost" to the secondary service and never permitted to queue, now we permit 

a queue to form should calls arrive when the primary is unavailable. In 

this case there is no question about an improper match between the needs of 

the caller and the typeof server responding to the call, so over- and under

response are not appropriate measures. Instead, it is natural to be concern

ed about the delays encountered by truly emergent cases. 

Poor service would be provided if truly e~ergent cases were forced to 

wait for non-emergent cases to be serviced ahead of them. If calls are re

sponded to strictly in the order in which they arrive, all cases encounter the 

same average delay regardless of priority. One could decrease the average 

delay for truly emergent cases by identifying them and placing them at the 

head of the queue, trading more prompt service for true emergencies against 

longer delays for non-emergencies. However, if one misclassifies an emergency 

as a non-emergency, then his low priority status will produce a longer aver

age delay then he would have encountered without screening. ,One appropriate 

measure of the value of screening calls into high and low priority is the 

ratio of the average delay encountered Ql~ true ~mergency under the screen

ing program to that encountered without screening. Letting 0 be this delay 

without screening and 0 be that with screening, define the ratio s 
o 

r = If . (13) 

Successful screening will have r < 1 . 
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3.2 Analysis of the Single Server Case (N = 1) 

To analyze the single server case, we make us~ of well known results 

for priority queues [8J. We must assume only that CT < 1, that calls at'rive 

in a random (Poisson) manner, that successive service times are indepenoent 

with finite mean, and that high priority calls are served ahead of low 

priority calls but never interrupt a low priority service onceit has begun. 

For simplicity, we will further assume that all calls take the same time 

to be serviced on average. As before we let Pok represent the probability 

that a given call will be cleared for high priority service~ and P repre-eg 
sent the probability that a call assigned high priority by the screener is 

truly emergent. 

Without screening, the average delay is 

O - k 
- 1 - CT 

where k is a r~)I1stant. All high priority calls endure an average delay of 

o - k 
H - 1 - CTPok 

(14 ) 

and all low prioritY calls a delay, 

CT) 
(15 ) 

Let Q be the probabil i ty a given emergent calli s cl assed as. hi gh pri ority. 

Then the average delay for a true emergency under screening is 

(16) 

Using the laws of conditional probability we can write 

Q = 
P • P 
eg ok 

Pe 
( 17) 
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Thus, we can write, using equations (14) through (17), 

k 
D s = -:;-l--~CT=P::-o-k 

P P k P • P 
e9

Pe
o k + -r.( l=----===-=",,",")-r( "1 -C=T;;-<"") (1 - eg P

e 
0 k ) 

eTP ok 

Finally, we divide by 0 to find the ratio of delays 
P 

1 - <-;:'CTP ok 
r = ---=-----:~--

1 - CTP ok 

(18 ) 

(19 ) 

The ratio r is less than unity (i.e., screening improves service) for any 

value of Pe such that 

P > P eg e 

In addition, realizable systems require the further condition that 

P P < P ok eg - e 

The ratio, r, is minimized when Pok = Pe ' Peg = 1, i.e., when all true emer

gencies are properly classified. At best, the ratio drops to 

r. = 1 - CT 
mln 1 - CTP e 

indicating that, as in loss screening, priority screening is most worthwhile 

when C and T are large and Pe is small. 

3.3 Analysis of the Multi-Server Case (N > 1) 

For priority screening, we can analyze the multiserver case simply [8], 

provided we make one further assumption, that the length of each service 

time is exponentially distributed and independent of other service times. 

" I j 

.. 
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We now only require that CT < N. Since the equations for the multiserver 

priority queue are nearly identical to those for the single server, differing 

only in the constant k, it follows that the ratio of delays has nearly the 

same form as equation (19) 

rN = 

Pen CT 
l-~.-·Pk P N 0 e 

CT 
1 - N . P'ok 

(20) 

The same remarks hold true for equation (20) as were made for equation (19). 

In particular, any pair (Pok'Peg ) having Peg> Pe will lead to some improVe

ment in delay for true emergency cases, and the greatest improvement will 

occur at P k = P ,P = 1, with o e eg 

1 - CTI N 
= 

1 - CTP e/
N 
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4. ANALYSIS OF A SIMPLE SCREENING RULE 

4.1 Categorical Screening 

To this pOint we have structured the screening problem, noted the 

general conditions favorable to screening, characterized the screening 

process by the parameters P k and P ,and provided in equations (11), (19, and o eg 
(20) a way to test whether any particular combination of P k and P is an o eg 
improvement over no screening at all. We have not addressed the problem of 

predicting the values of Pok and Peg' The parameter Pok is fairly easy to 

adjust in practice, but we know little about the value of P that will be eg 
paired with any particular value of Pok ' Depending on the skill of the 

screener it could in theory range from zero to one, although we would expect 

to see P > P ; i.e., the screener should improve over a "random" screening 
eg e 

policy which arbitrarily selects a fraction Pe of the calls and assigns them 

high priority without l~egard to their nature. 

It does not seem possible to obtain further information about the 

combinations of Pok and Peg characterizing an actual screening process without 

resort to experiment. It is possible, however, to analyze one particularly 

simple and inexpensive screening rule which we will call "categorical screening." 

Categorical screening simply classifies each call for service as one of 

a number of categories of calls and makes the same yes/no decision about all 

calls in that category. For instance, calls for emergency ambulance service 

may be classified by chief complaint, with certain chief complaints 

always given high priority, irrespective of the individual details '::If any 

particular case. Thus all calls mentioning chest pain might be assigned to 

primary service and all calls mentioning abdominal pain might be deflected to 

secondary service. 
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Although a screening officer might use more information and more sophis

tication in making his decisions, it ;s worthwhile to study categorical 

screenirlg for three r'easons. First, it provides detailed insight into the 

functional relationships between P k and P Second, it probably provides o eg 
a lower bound on the actual performance of a screener. Third, it is a sim-

ple and inexpensive algorithmic approach to screening which would warrant 

implementation in its own right, provided it can be shown to improve on no 

screening at all. 

4.2 Analysis of Categorical Screening 

Let all calls for service be divided into I mutually exclusive and 

collectively exhaustive categories. For each category i define 

fi = fraction of all calls which are type i. 

e
i 

_. fraction of all type i calls which are truly emergent. 

xi = {l if type i calls are given high priority, or are initially 
assigned to the primary service, 

lo if type i calls are given low priority, or are assigned to 

the secondary serv1ce. 

The set of numbers {Fi} and {ei} might be estimated from review of past 

calls for service. The set of numbers {Xi} are the screening decision varia

bles and are fixed on the basis of the {fi} and {ei} in categorical 

screening. 

and 

Using the definitions of f,., e., P k and P it follows that , 0, eg 

I 
P = 1: f,.x,. , 
ok i=l 

I I 
Peg = 2: f. e . x . / 2: f. x . 

i=l 1 1 1 i=l 1 1 

",f 

(21) 

(22) 
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Now we can express the probability of under-response in a single-server 

loss screening system as 

= 1 -

I 
L: f.e.x. 
i=1 1 1 1 

I 
P ( 1 + CT.E f . x . ) 
e i=l 1 1 

I f.e. 
1 + L: (CTf. - _p1 1 )x. 

. 1 1 1 ,= e 
=----'-"'-~,----"'"--

I 
1 + 2:CTf.x. 

. 1 l' 1= 

(using eq's (1),(5),(8) 
and (9)) 

(23) 

Likewise, in an N-server priority screening 

Pe CT 

system, the ratio of delays is 

1 - ~ • - • P
ok Pe N 

=----;:;-;;:----
1 _ CT P 

N ok 

CT I 
1 - PN 2:f.e.x. 

e i=l 1 1 , 

CT I 
1 - -N 2:f.x. 

i=1 1 1 

(20) 

(24) 

The optimal categorical screening policy will be that choice of !xil which 

minimizes either equation (23) or equation (24). This is a nonlinear inte-

ger programming problem, but one with a structure that can be exploited to 

produce an optimum categorical screening policy with little effort, as seen 

in the next section. 

r , 
1 
l 

,.. 

-------------------
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4.3 An Algorithm for Categorical Screening 

4.3.1 Single-Server Loss Screening 

The following section will be easier to follow if we define the two 

sets Rand S so that 

R={i:x.=l},and , 
S = RC 

= {i : x. = O}; 
1 

and we rewrite equation 23 in terms of R: 

1 + Lf.(CT _ e i / p ) 
iER 1 e 

p = -----'-'--=-----
u 1 + LCTf. 

iER 1 

(23a) 

Now Pu can be reduced, or at least not increased by adding the category 

jES to the set R if 

P , - P < 0 , u u - (25) 

where pur would be the new probability of under-response if category j were 
assigned to the primary service. 

Let Pu = ~ , and rewrite (25) as 

i . e. , e' 
MN + Nfj(CT - J/Pe ) ~ MN + MCTfj 

which implies e. > CTP (N - M) 
J - e N 
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i . e. , 

i . e. , 

Note: 
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e. > eTP (1 - P ) 
J - e u 

CT 'Ef.e. 
• R 1 1 

e. > 1e: 
J -

1 + CT L: f. 
• R 1 1e: 

(i) It is easily shown that if (27) holds, then 

CT[2:f,e. + f.e.] 
i e:R 1 1 J J 

e. > , 
J - 1 + CT[ L: f. + f.] 

• R 1 J le: 

(26) 

(27) 

(28) 

so that it follows that if more than one category has the same frac

tion of truly emergent patients, and that value of ej satisfies (27), 

then all of these categories should be added to R. 

(ii) From equation (26), any category j such that ej ~ CTPe is automatically 

a member of R. 

Exploiting the above results we can contruct a simple algorithm for 

minimizing P using categorical screening which requires no more, and 
u 

usually less (because of equation 26) . than I iterations. 

Al gorithm 

(1) Arrange the I categories in descending order of ei so that 

e, ~ e2 .?: e3 ~ ... ~ er . 

(2) Include in R, the set of categories which receive primary service, all 

i such that ei .?: CTPe . 

(3) Assuming that (2) above results in the inclusion of categories 1 

1\ 

p-
1 , 
\ 

1 

! 
I 
1 
~ 

I 
I 
1 
i 
1 

.. 

, 

• 
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through s, add category s+j to R (starting from s+1) if 

and 

CT L:f .e. 
i e:R 1 1 e . > ----=-==---

s + J - 1 + CT L: f. 
i e:R 1 

where j = 1,2, ... ,I-s 

R = {i : i = 1,2, ... , s +j -1 }. 

(29) 

(4) If s+k e: S is the first category for which (29) does not hold, then 

the optimal categorical screening policy is realized with the set 

and results in an 

where 

R* = {i : i = 1,2, .•. ,s+k-l} 

under-response probability of Pu*' 
s+k-l e. 

1 + I: f. (CT - 1/ P ) 
;=1 1 e 

P * = ----'-':--~__,;_---
U s+k-l 

+ CT .I; f. 
;=1 1 

In order to show that P * is optimal, we will demonstrate that P * 
u u 

cannot be reduced by adding another category to R*, or deleting a category 

from R*, or exchanging categories between R* and its complement. 

(1) Addition: All categories, m, excluded from R* are such that 

CTl: f .e. 
ie:R* 1 1 

1 + CTL f. 
. R* 1 le: 

and therefore, adding m to R* would increase P * u 
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(2) Deletion: 
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All categories, n, included in R* are such that 

CT L f .e. 
iER* 1 1 

> ---==---
- 1 + CT L f. 

iER* 1 

and therefore deleting n from R* would not decrease P * . 
u 

(3) Exchange: In order to decrease Pu* by cre~ting a new set R which 

i ncl udes category m ¢ R* and excl udes category nER*, we require 

e < n 

CT[ 2: f.e. - f e + f e J 
i ER* 1 1 n n m m 

1 + CT [I: f. - f + f J 
iER* 1 n m 

(3(} ) 

Equation (30) is simply the condition that category n cannot profit

ably be introduced into the new set R. We can easily show that for 

(30) to hold implies a contradiction. 

Note that (i) 

(i 1) 

or 

But (30) implies 

e > e . n m' 

CT2: f.e. 
iER* 1 1 e > ---'-~-_ 

n - 1 + CT L f. ' 
iER* 1 

CTf m (em - e ) > e + e CT L f. - CT L f. e. > 0 
n n n i ER* 1 i ER* 1 1 -

i,e., em ~ en' a contradiction of (31). 

(31 ) 

(32) 

(by 32) 

• 

• • 

.. 
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It now follows from equations (27) and (28) that no screening will reduce 
CTPe the pnobabi 1 ity of under-response if eI ~ 1 + CT . 

4.3.2 Multi-Server Priority Screening 

Using equation (24) it is straightforward to derive an identical al

gorithm that will yield the optimal categorical screening policy for an 

N-server priority system. By analogy with equation (27), categories to 

receive priority service satisfy the condition 

CT/ J PeNLf.e. 
. R 1 1 1E (33) 

where R = {i: i = 1~2",.~j-l}. 

Obviously any category j such that ej ~ Pe is automatically included in R. 

4.3.3 Multi-Server Loss Screening: The Continuous Analog 

Unfortunately, the companion condition to (33) for more than one 

primary server in a categorical loss screening system is not so easily de ... 

rived. An instructive and useful approach is to consider the solution to 

the continuous analog of the discrete categorical screening problem. Imagine 

that the number of categories I increases without limit, $0 that the sums in 

equations (23) and (24) become integrals, and the discrete fun.ctions fi and 

ei become the continuous functions fey) and e(y) over the interval (O,lJ. 

Arrange the categories so that e(y) is a monotonic non-increasing function, 

as called for in the discrete optimization algorithm. Let s be the 

screening threshold, with 

xes) = O<y.s.s, 
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x{s) = 0 s < y ~ 1, 

i.e., an categories with e(y) ~ e(s) receive priority service. 

Now the optimization problem for the single-server loss system becomes 

1 
1 + J [CTf{y) - f(y)e(y)Jx{y)dY 

o Pe m; n P Ii (s) = ----=--...... ,----..:::..----
O<s<l 1 + J CTf(y)x(y)dy 

o 

1 + } [CTf(y) _ f(y)e(y)]dy 
o Pe =----=-------=---s 
1 + J CTf(y)dy 

o 

Differentiating with respect to s and setting the derivative equal to zero, 

one finds the condition on s for minimum under-response 
S 

CT J f(y)e (y)dy 
e(s) = _.::...0 ___ _ 

S 
1 + CT J f(y)dy 

o 

which is, of course, the continuous analog of equation (27), 

(34) 

Now although the solution is tedious, it is also possible to solve the 

continuous analog to the multi-server categorical loss screening problem. 

We need to find the value of s such that the probability of un~er-response is 

minimized, i.e., 

1 s = 1 - p- J f{y)e(y) 
e 0 

s 
[CT ~ f(Y)dyJN/N! 

s 
N [CT J f(Y)dyJ 
L ok! 
k=O 

dy 

.. 
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Differentiating with respect to s and setting the derivative equal to 

zero, we find the condition for optimal screening is that s satisfies 

S' 
e(s) = [CT ~f(y)e(Y)dYJ[Pav(S,N) - Pav(s,N - l)J (35) 

where 

Equation (35) reduces to equation (34) when N = 1. Some basic pro

perties of equation (34) are illustrated qualitatively in Figure 6(a). The 

left-hand side is a monotone non-increasing function of s by algorithmic 

construction, while the right-hand side ;s unimodel with the maximum occur

ring at the solution to equation (34), provided one exists. The maximum 

occurs at decreasing values of s for increasing values of CT, implying that 

as the demand for service increases, the screening process becomes more 

selective, assigning fewer categories to the primary service. Notice that 

if CT falls sufficiently, screening is abandoned. 

Unfortunately, with N > 1, equation (35) does not have the same pro

perties as equation (34). While the right-hand side of (35) is unimodel, 

the solution to (35) does not coincide with the maximum. In general~ the 

solution will occur at larger values of s as the size of the primary ser

vice increases (at constant CT/N), indicating that fewer calls need to be 

screened out in larger systems to improve under-response. Similarly, the 

solution will occur at larger values of s as the call rate, C~ decreases. 

These properties are illustrated qualitatively in Figure 6(b), Although we 

cannot prove the result, we conjecture by analogy that for the discrete 

multiserver categorical screening screening problem the condition for 

d 
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l~ ___________ , _________ ----__ -. 

s 0 
CT f f(y)e(y)dy 

F (C) = __ -.::1-0 ____ _ 
s 

1 + CT J f(y)dy 
o 

1 

Figure 6(a): 

-r--_ No screeni ng 

s 
1 

Continuous Analog for 
Single-Server Categorical 
Loss Screening with Three 
Different Call Rates 

F( C2, Nl ) 

F(C2,Nz)/ I I 
I I 

F (C, , N2}.-+--r---
--No screening 

I I 
~ __________ , __ ~J ___ I~ ______ ~~ s 

a 521 s22 1 

s . 
F(C,N) = [CT f f(y)e(y)dy][Pav(s,N) - Pav(s,N-l)] 

o 

Figure 6(b): Continuous Analog of Multi-Server Categorical Loss Screening 
with Different Call Rates and Numbers of Units 

.. 
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I 
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including category j in the set R is that 

where 

and 

e· > CT 2: f.e.[P (s,N) - Pav(s,N-l)] 
J - ;ER 1 1 av 

R = {i: i = 'l,2, ... ,j-l}. 

(36) 

Using this condition the algorithm in section 4.3.1 can be used to find the 

optimal policy. As before, all ej ~ CTPe are automatically included ;n R. 

Notice that at s = 1, (35) reduces to 

(37) 

and so we would infer by analogy that if eI under categorical screening 

exceeds the right-hand side of (37), then no amount of categorical screening 

could reduce under-response. 

4.3.4 Multi-Server Priority Screening: The Continuous Analog 

The continuous analog for the optimization of priority screening is 

easily written as 
s 

1 - CT f f(y)e(y)dy 
PeN 0 

mi n r N (s) = ---..::::.--=--s -----
O<s<l ~ CT f f(y)dy 

N 0 

The solution occurs when 

e(s) = P e 

s 
1 - ~TN J f(y)e{y)dy 

e 0 
s 

1 - CT f f (y ) dy 
N 0 

J/ 

(38) 

(39) 



-36-

P 
Note: When e(s) = e/2 = .305 

s = 0.76 

- - _ _ G(C
l

) 
--

0.1 0.2 0.3 

C1T = .5 

C T =.9 s 
2 CTJf(y)e(y)dY 

F(C) = 0 s 

G(C) = 

1 + CTJf(y)dy 
o 

s 
P -CTJf(y)e(y)dy 
e 0 
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1 - CTJf(y)dy 

o 

-- ---
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Figure 7: Single-Server Case: Loss and 
Priority Screening (Hypothetical 

Continuous Example) 
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It can be shown that the solution to equation (39) occurs where the 

derivative of the RHS is zero 

A graphical representation of the solutions to equation (34) and (39) 

for N = 1 with hypothetical functions e(s) and f(s) is shown in Figure 7. 

Notice that the solutions~ sL for loss screening and sp for priority 

screening, occur at the points at which the derivatives of the right-hand 

sides of the respective equations equal zero. Is is interesting that as 

the call rate increases more callers are given secondary service under loss 

screening (i.e., sL moves to the left), while more callers are given prior

ity service under priority screening (i.e., sp moves to the right). Although 

the behavior of the loss screening process confirmsonels intuition--screening 

becomes more selective as the system load increases--the apparently anomolous 

movement of sp deserves clarification. Under priority screening, as the 

call rate increases, very long delays are imposed on all callers assigned 

low priority. Since priority sCl"eening involves minimizing delays suffered 

by true emergencies, the point sp moves so as to reduce the number of true 

emergencies in the low priority class as the total call rate increases, 

i.e., sp moves to the right. 

If the functions represented by the right hand sides of equations (34) 
p 

and (39) intersect: the intersections always occur at the value ~. If 

there is a unique point of intersection, then sL = sp = s* and the critical 
p 

fraction of emergencies, e(s*) = e/2 . 

4.4 A Sample Calculation for Categorical Loss Screening 

To illustrate the potential impact of categorical screening, we will 

use data derived from the emergency medical service in Boston [2J. During 

one week in 1972, Boston Health and Hospitals Department ambulances trans

ported patients with 15 different types of problems. The problems and 

, ( 
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Tabl e 1 

Problem % ---
Coma, unconsciousness 
Seizures 
Stroke 
Vomiting blood, rectal bleed 
Chest pain 
Overdose, intoxication 
Breathing difficulty 
Nausea, vomiting 
Trauma 
Psychiatric 
Abdominal pain 
Neck, back, shoulder pain 
Fainting, dizziness 
Arm or leg pain (no trauma) 
Vague or undefined 

Overall Emergent P = 35% 
e 

Emergent(e i ) % of a 11 ca 11 s (f. ) , 
100% 2% 
100 12 

78 2 

75 4 

62 2 
56 6 
48 8 

36 4 

19 34 

6 2 
1 4 

0 4 

0 8 

a 4 

a 4 

DATA FOR EXAMPLE 
based on Boston Health and Hospitals data, 1972 [2J 
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estimates of ei and fi for each problem are listed in Table 1. 

Assume that such a mix of problems had been imposed on a single-server 

loss screening system operating with CT = 1, that is, with very heavy 

demand. Successively. dropping categories from the bottom of the list in 

Table 1 produces the operating curve shown in Figure 8. The corresponding 

values of Pu and Po are shown in Figure 9. Note in Figure 9 that screening 

contributes relatively little in this example to reduction of the probability 

of under-response, but has a major impact on the probability of over-response. 

The "optimaP categorical screening strategy occurs at point A in Figure 8, 

corresponding to screening out about 60% of the calls. 

It is interesting to note, though, that categorical screening at point 

A may be unacceptable, in practice, compared to screening at point B. 

Screening at point B certainly leads to greater probability of. over-response, 

but the more important degredation in probability of under-response is less 

then one percent, and screening at point B differs from that at point A only 

in permitting the trauma category to receive primary service. The trauma 

category was dropped in the tloptimal" categorical policy because only 19% 

of calls in that category were truly emergent. While this does reserve the 

ambulance for categories more likely to contain true emergencies, it is 

difficult to conceive of an agency never sending the best ambulances to crime 

or accident victims. In effect, the number of categories in this example 

would have to be increased before a realistic categorical screening program 

could be implemented. 

Naturally an important element of any screening program is the accuracy 

with which the caller reports the incident to the screener. Anecdotal evidence 

from both police and emergency ambulance services indicates that some members 

of the public will exaggerate the seriousness of an incident in order to 
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ensure the maximal response for themselVes. Although examples of this 

kind of deceit are very disturbing to screeners and service providers~ their 

impact on measures like under-response seem unlikely to be severe enough to 

negate the value of screening. For one thing this behavior will generally 

be limited to unscrupulous frequent users of the service, who constitute a 

small minority of all users. Furthermore their impact on the screening 

process will be to increase Pfp ' the probability of a false positive error, 

which, as we saw in Figure 3, is the less critical screening variable. 

Only if the process is operating close to its error limits will public mani

pulation of the dispatcher threaten the utility of screening. Its impact 

can be incorporated into the preceding analytical framework by treating the 

parameter ei , the fraction of truly emergent members of category i, as a 

random variable. 

i 
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5. SUMMARY 

Increases in demand for emergency services, especially by those not 

faced with true emergencies, degrade the level of service provided to those 

truly in need, frustrate emergency service personnel and create pressure for 

greater investment in emergency services. At the same time, the fact that 

many truly emergent cases never use emergency services motivates attempts to 

improve citizen access to these services. However, improved citizen access 

is likely to exacerbate the problem of non-emergent use. A combination of 

better citizen access together with the screening of calls for emergency 

service is a response aimed at better matching emergency resources to emer-

gency needs. 

The process of screening carries the risk of error on the part of the 

screener. Screening will improve the level of service only when its deflec

tion of spurious demand is not outweighed by erroneous deflection of true 

emergencies. The criteria for successful screening identified here include 

reduction of the likelihood that a true emergency will not he given special

ized service (for IIlos s screening ll ), and reduction in the average delay in 

initiating service (for IIpriority screeningll). We noted that some screening 

programs have the potential to provide poorer service to the public while 

simultaneously meeting internal service goals regarding lIabuse,1I but that 

any program improving service to the public will also improve the operating 

position of the service provider. 

We have provided a methodology for characterizing the quality of a 

screening operation and verifying that the screening can in fact improve 

service. Conditions favorable to screening include a heavy demand relative 

to system size, a small percentage of truly emergent cases, and rather small 

probabilities of classifying patients' conditions wrongly. We have also 

./ 



'rw 

-44-

provided a comparison between call screening and the expansion of the system 

without screening (Figure 4). At heavy system loading only if the probability 

of misclassifying an emergent patient is (well) below 20% is screening 

preferable to system expansion as a way of meeting increases demand. 

While it does not appear possible to determine without experiment the 

actual performance of screening personnel, it is possible to analyze mathe

matically the particularly simple process called IIcategorical screening," 

in which calls for service are accepted solely on the basis of the general 

nature of their problem, regardless of individual details. We have presented 

an algorithm for determining the optimal categoric;l screening policy and 

have illustrated its use in an example. The fact that such a crude screening 

methodology can improve service suggests that trained personnel should be 

able to do much better. 
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