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The current version (4.3) of the error-control decision support 
system, PCSWMM, was developed by the authors for the Microsoft 
Windows environment, and released in October, 1994. PCSWMM 
functions as a shell for the US EPA's stormwater management model, 
SWMM. It simplifies the running of SWMM: provides error-free file 
management; color plotting of event or continuous SWMM output; 
advanced sensitivity, calibration and error analysis tools; and field data 
management. Thus PCSWMM reduces the probability of user error by 
simplifying normal modeling procedures. This chapter describes the error 
control features ofPCSWMM, especially file management; sensitivity, 
calibration and error analysis (SCEA) approach; and discusses the future 
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of the program as a base for in-house and third-party SWMM enhance­
ments. 

21.1 Introduction 

The US EPA's SWMM models the quantity and quality of urban 
storm water runoff. It is a powerful, user-unfriendly program which has 
seen wide use in North America in the last decade, due in part to its proven 
reliability, and in part to being public-domain software (Le. distributed 
freely by the US EPA). Unfortunately, this lack of commercial revenue 
has resulted in a program which is error-prone, and the process oflcaming 
the program and developing a working model can be fairly lengthy. 

The main purpose ofPCSWMM is to reduce the probability of 
user-errors by reducing the complexity of SWMM. File management, 
datafile linking and interfacing, and especially sensitivity analysis are 
made faster and simpler, thus controlling errors. The graphical-user­
intelface has been designed to be fast, flexible, and extremely user­
friendly: aU commands and procedures can be executed by simple mouse 
operations (clicks and drag-&-drops). PCSWMM is compatible with 
compiled SWMM4.3 from either the US EPA or Oregon State University 
and works in conjunction with the RAIN, RUNOFF, TRANSPORT, 
EXTRAN, and STORAGE/TREATMENT modules of SWMM. The 
program is also designed for facilitating the addition of new tools for 
SWMM, as discussed in section21A. The methodologies for achieving 
error control, as well as some other features of the program, are described 
below. 

21.1.1 File Management 

An advanced file management methodology has been developed 
to ease the organization, connectivity and manipulation of the many files 
generated and used by SWMM. To give an example of SWMM file 
complexity, a typical SWMM model might include about ten modules 
(input data files), as well as meteorological data files. This generates 
another ten output files, ten interface files, approximately 50 scratch file 
designations (ranging between three and eight per input data file), ten plot 
files (ASCII text versions of interface files for spreadsheet plotting), and 
the requisite batch files for running SWMM. This might result in 
approximately 100 files. When testing an array of best management 
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practices (BMP's), say 50 or more, the number of files involved can be in 
the thousands. Note that this number does not include the additional 
thousands of files required for sensitivity analysis (see section 21.2). 

In PCSWMM, the above scenario (not including the BMP arrays) 
would be represented by only 10 file icons, arranged on the screen in a 
project window shown in Figure 21.1. PCSWMM file icons represent 
groups offiles associated with an input data file (i.e. output, interface, and 
plot files, as well as sensitivity and calibration files). These file icons are 
data-aware, and depict the types of input data files they represent (i.e. the 
SWMM module called). File icons are organized into projects, and can be 
dragged and dropped to new locations or projects, connected to other file 
icons, and dropped on the various tools of PCSWMM. To reduce 
complexity, and thus error, all file extensions are handled automatically 
by PCSWMM. Data file structures are simplified by eliminating the need 
for the conventional SWMM EXECUTWE module command lines from 
all input data files. Figure 21.2 shows the arcane, non-intuitive input 
required by the executive module. Instead, data file connectivity is 
displayed graphically in the project windows, and can be modified at any 
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Figure 21.1 
PCSWMM graphical-user-interface showing linked file icons arranged in a 

project window. 
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* NBLOCKS JIN(l) JOUT(l) JIN(2) JOUT(2) 
sw 2 0 8 8 9 
* SCRATCH FILE DESIGNATIONS (8 REQUIRED FOR RUNOFF) 
MM 8 21 22 23 24 25 26 27 28 
* INTERFACE FILE DESIGNATIONS 
@ 21 'RAIN1.INT' 
@ 8 'RUNOFF1.INT' 
@ 9 'TRANS1.INT' 

Figure 21.2 
Conventional SWMM executive module command lines. 

point with a simple mouse click. This reduces complexity and error by 
eliminating the confusion and problems associated with misplaced inter­
face files, wrong scratch file designations, and long text-oriented com­
mands and input. 

Other features of error-free file management include project 
export/import. Information storage/retrieval is provided for each project 
and file icon. Existing SWMM files can be imported into PCSWMM, or 
new data files can be created from user-specified template files. Projects 
can be exported and imported as a single file for ease of data transfer 
between PCSWMM computer stations. 

21.1.2 Editing 

PCSWMM works in conjunction with the user's own preferred 
text editor (Windows or DOS based), so that commands for generating or 
updating data files are familiar. PCSWMM can be linked to any editor, 
and the editor can be easily changed on the fly, with the user selecting from 
a list of common editors, or specifying hislher own. Output files can also 
be viewed with the selected text editor. 

21.1.3 Running SWMM 

SWMM runs are executed by simply dragging-and-dropping the 
desired file icon onto the SWMM Run button. The SWMM engine can be 
either run in a window or full-screen, and changed on the fly. The user can 
specify the type ofSWMM output generated in an options dialog box. This 
approach avoids the need to generate batch files and/or type in long text 
command lines. 
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21.1.4 Plotting 

Where users of conventional SWMM must organize SWMM 
output for visualization into spreadsheet or graphing programs manually 
(steps that increase the risk of error), PCSWMM instantly generates color 
hydrographs/pollutographs for the RUNOFF, TRANSPORT, EXTRAN 
and STORAGEITREATMENT modules ofSWMM for any combination 
of pipes, channels and inlets. Another advantage of PCSWMM is that 
continuous simulation output is plotted with over 100,000 data points per 
plot (spreadsheets are typically limited to 8,000 or so data points). Long­
term time series can be scrolled in PCSWMM to identify design events, 
etc., allowing the user to quickly identify errors in the model data. X, Y 1, 
Y2 plot coordinates are displayed in a variety of units for quick determi­
nation of plot statistics (peak flow, time-to-peak, minimum suspended 
solids cone., etc.). 

The object-orientated nature of all PCSWMM plots (including 
sensitivity and calibration plots) allows for multiple plot windows to be 
opened, and independently-sized from thumbnails to full screen at any 
screen resolution. This approach allows great flexibility in combining 
information presentable at any instant. 

21.1.5 Sensitivity, Calibration and Error Analysis 

The sensitivity approach used in PCSWMM is explained in 
section 21.2, and the calibration and error analysis is covered in section 
21.3. 

21.1.7 Printing 

All plots generated by PCSWMM can be output to any printer 
supported by Microsoft Windows, in either black-and-white, or color. In 
addition, data file connectivity schematics can also be printed, thus further 
reducing user-error. 

21.1.8 Help 

PCSWMM comes with an extensive, online, hypertext help file, 
which provides a variety of information. Step-by-step instructions are 
available for all PCSWMM procedures. Hypergraphic representations of 
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all PCSWMM screens are included, on which the user can cUckon various 
objects to reveal detailed information. Known trouble spots are indexed 
for quick explanations. Exerpts from Stormwater Management Modeling; 
A Conceptual Workbook (James, 1992) on sensitivity, calibration and 
error analysis, are included in the onscreen help file, complete with 
detailed figures. All help file topics can be printed out. Help and hints are 
also provided in the PCSWM.,.\1 program itselfbymeans of an information 
bar which can be toggled on and off. 

21.1.9 Requirements 

PCSWMM runs on any computer running Windows, requiring 
570 kilobytes offree conventional RAM under Windows (needed for the 
SWMM engine). However, due to the compute-intensive nature of 
SWMM, and the highly graphical nature ofPCSWMM, a 486 or faster 
computer with high-resolution monitor is recommended. 

21.2 Sensitivity Analysis 

The purpose of sensitivity analysis is to determine which proc­
esses control the computed response for the study problem at hand. This 
is important not only for optimizing the data collection effort, but for 
parameter optimization (calibration: see section 21.2). Sensitivity analy­
sis must be performed for each individual design effort, because the results 
vary widely for each application and for different weather events. Once 
the sensitive processes are identified, the process of model calibration can 
begin. Unfortunately, a thorough sensitivity analysis can be massively 
complex. A three point sensitivity analysis (using an expected, low and 
high parameter estimate) on, say 94 parameters, with 15 objective func­
tions, and 11 input functions (wet and dry weather events) on a single 
RUNOFF file would require 103 to 104 files: 

where: 

NFILE =[(PAX2)+ l]XINPX NFILERUN (21.1) 

NFILE 
PA 

INP 

number onlO files required for sensitivity analysis 
number of parameters 

-- number of input functions 
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NFILERUN = number of files generated/required per SWMM 
run (in this case, two: one input data file and one 
output file) 

In this case NFILE = 4,158 files. If there were more than one RUNOFF 
module involved, this number of files would be multiplied by the number 
of RUNOFF module calls. To add to this complexity, all fifteen objective 
functions must be located in each of the 2,079 output files and collated in 
a spreadsheet or similar program for analysis. Clearly, the effort required 
becomes excessive and the potential for error is substantial. On the other 
hand, PCSWMM can handle the above scenario, generating at a single 
mouse click, a single sensitivity file for each input function. PCSWMM 
performs an automatic sensitivity analysis on any combination of 94 
different hydrological parameters in the RUNOFF module of SWMM. 
Parameter uncertainties, input function (both wet and dry event, in either 
step hyetograph form of varied duration/intensities, or user-specified), 
and response function location are input by the user. Eleven step­
hyetograph input functions have the default values suggested by James 
(1994a) and listed in Table 21.1. They can also be modified by the user 
at any time. Datafile modifications and sensitivity runs are executed by 
PCSWMM and output results collated in a file. Results are displayed for 

Table 21.1 
Default step byctograpb input functions in PCSWM~l 

WashoffInput Function 

Short duration, high intensity (SDHl) 

Short duration, medium intensity (8DM!) 

Short duration, low intensity (SDU) 

Medium duration, high intensity (MDHl) 

Medium duration, medium intensity (MDMl) 

Medium durathm, low intensity (MDLl) 

Long duration, high intensity (LDHl) 

Long duration, medium intensity (LDfvfl) 

Long duration, low intensity (LDLl) 

Buildup Input Function 

hort duration, zero intensity (SDZI) 

ong duration, zero intensity (LDZI) 

Duration (mi 

20 

20 

20 

60 

60 

60 

600 

600 

600 

Duration (days) 

10 

76,0 

10.0 

2.5 

25.5 

7,5 

2.5 

5.0 

2.5 

2.5 
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a variety of quantitative and qualitative objective functions in plots of non­
linear normalized sensitivity gradients, or ranked mean normalized sen­
sitivity gradients. 

The approach taken in PCSWMM consists of running the original 
data file of expected parameters with a specified input function (step 
hyetograph) to generate an expected value for each objective function 
specified. The data file is then further run twice for each parameter 
selected for sensitivity analysis. The first run for each parameter uses the 
data file which has been modified to include the low estimate of that 
parameter. The second run gives the response function and its objective 
function for the high estimate of the parameter. As this process is repeated 
for every parameter, a sensitivity analysis on, say, 19 parameters would 
require 39 SWMM runs (19 x 2 + 1) for each input function chosen. 

In a recent calibration effort of the Redhill Creek drainage basin 
model in Hamilton, Ontario (James 1994b), a sensitivity analysis was 
performed on the water quantity parameters in the model, a single 
RUNOFF call. Nineteen different hydrologic parameters were identified 
as the water quantity parameters for sensitivity analysis, so that these 
nineteen arrayed parameters for the subcatchments and pipes/channels 
effectively produced several hundred parameters to be changed. In this 
application, each of the nineteen parameter arrays were varied by plus and 
minus five percent (5%) of their original value, however PCSWMM 
allows parameter uncertainties to be set individually. Eight input func­
tions were used to obtain the parameter sensitivities for a range of weather 
conditions. This gave a total of312 SWMM runs necessary to generate 
the required sensitivity analysis. PCSWMM performed all 312 runs, 
collated the data, evaluated the sensitivity and generated the resulting 
plots in 24 minutes (running on a486dx2-66 computer). The results of the 
sensitivity analysis consists of sixteen plots: a plot of peak flow and a plot 
of total flow for each of the eight input functions. Figure 21.3 gives an 
example of a ranked mean sensitivity gradient plot. To readers familiar 
with SWMM, it will be obvious that this represents a considerable 
reduction in complexity and concomitant time savings over a conven­
tional manual sensitivity analysis. The likelihood of user errors is thereby 
reduced. 
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Figure 21.3 
Ranked mean normalized sensitivity gradient plot 

21.3 Calibration and Error Analysis 

Finding an optimal fit of a model's computed output to a single 
observed event is a trivial task for a model with an input data file 
containing hundreds of parameters, such as a typical SWMM application. 
Of course, this should not be misconstrued as model calibration. An 
infinite set of parameters could form a model calibrated against a single 
event, and as such is not likely to achieve the same accuracy for other 
inputs (i.e. other rainfall events, or what-if scenarios). In general, for 
calibration, the model must use as many observed rainfall events as there 
are parameters to be calibrated. These observed events should cover the 
entire spectrum of possible events (i.e. varied durations, intensities and 
hyetograph shapes). This variation of rainfall events is necessary due to 
the corresponding variation in parameter sensitivity. For example, infil­
tration parameters have the greatest effect in short-duration, medium­
intensity rainfall events and relatively little effect in short-duration, low­
intensity rainfall, where all precipitation infiltrates. They also have little 
effect in high-intensity long-duration rainfall, where the final infiltration 
rates are greatly exceeded and most precipitation is converted to runoff. 
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However, calibration is rarely performed with such care. Part of 
the reason for poor calibration lies in the limited observed data usually 
available for the desired catchment. A more important reason, assuming 
that sufficient observed data does exist and can be used, is that manual 
calibration can be laborious, error-prone and thus costly. Calibrating 30 
parameters (after the 61 sensitivity analysis runs) requires 30 SWMM 
runs, with the various objective functions located in the output and plotted 
using a spreadsheet or plotting program. Computer automation of this 
process can reduce the probability of user error as weB as the modeling 
cost, by reducing the time required. 

The PCSWMM calibration tool illustrated here eases the calibra­
tion of models developed with SWMM4.3 by providing observed versus 
computed (or simulated) plots with error analysis. This section describes 
the calibration tool and approach. PCSWMM provides tools for generat­
ing onscreen calibration plots for an almost unlimited number of user­
specified objective functions (in excess of 250), with a maximum of 20 
observed and simulated data pairs, entered by the user, for each objective 
function selected. The calibration plotting window displays a plot of the 
observed vs. simulated objective functions. In this plot, a 45 degree line 
is drawn from the lower left corner to the upper right comer. This line 
represents the desired location of all data for a perfectly calibrated model. 
The degree of variance of the data from this line represents the etTor for the 
selected objective function. The error is represented by two error func­
tions, which are automatically calculated for each objective function and 
displayed in the upper left corner of the calibration plot. 

There are numerous common error functions used to evaluate the 
performance of computed response functions and/or objective functions. 
A list of24 of these error functions that have been used in previous model 
calibration efforts is given by James (1994). The two error values 
currently calculated by the calibration tool are: 

1. the standard error measure (El): 

n 

I,(simi - ObSi )2 
i=l (21.2) E1= 

n 
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2. the nonnalized standard error measure (E2): 

(21.3) 

It is difficult in error analysis to find a universal measure of elTor 
to summarize the variance in the data in a meaningful way for all 
inferences. In the case of the two error measurements adopted, El tends 
to be dominated by variance at the upper limits of the objective function, 
whereas the normalized error term, E2, is dominated by variances at the 
low end of the ol>.jective function range. Because of this, other error 
measurements may be more desirable for specific calibration objectives, 
and the authors can provide these on request. TIle calibration tool, while 
not as automatic as the sensitivity analysis tool (the user is required to 
manually enter the observed/computer data pairs), provides a quick view 
of model certainty. 

21.4 Future Directions 

The next step for PCSWMM is to create an extremely flexible and 
adaptible kernel program that works with any SWMM application to 
dynamically display calibration tuning and error. We hope, by incorpo­
rating linear error analysis, to create a DSS environment which can 
seamlessly interact with SWMM applications in Windows to provide 
multi-valued (fw..zy) plots, and radio-tuning for calibration. 

We are currently developing an open structure for facilitating 
PCSWMM Enhancements. Enhancements are small external programs, 
compiled in any language, and linked to PCSWMM through either Object 
Linking and Embedding (OLE 2.0) support or Dynamic Data Exchange 
(DDE) fonnat. Even application languages such as macros or Visual Basic 
for Applications can be linked in this way. This open structure provides a 
simple and effective pathway for in-house developments to be integrated 
into a customized, comprehensive modeling environment. For example, 
where a modeling contract specifies a standard fonnat for graphing 
calibration and error analysis data, a macro could be written in a spread­
sheet program to display this graph fonnat, save it, and, with a couple 
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simple steps, link itto the calibration tool in PCSWMM. As the calibration 
data changes during the project, or even between projects, the standard 
graphical output is a button-click away. 

In our opinion, an open structure for PCSWMM will facilitate the 
inclusion of graduate work. Many Masters and Doctorate theses in the 
area of water quality and quantity modeling include useful core code, ego 
time-series management (Gregory, 1995) three-generation, continuous 
modeling tools written in C (Kuch, 1995), storm tracking by small radar 
(Abdul-Kader, 1995) and others. These programs often never see further 
use, bogged down by eclectic interfaces and shaky support code (often 
extensive code that is required for file handling and user interfacing - but 
not for graduation). This is to be expected, as they are written by 
environmental and water resource engineers for academic purposes, and 
not by professional programmers for commercial markets. By providing 
the DDE and OLE 2.0 compliant core program (i.e. PCSW1vlM) these 
program codes can be linked seamlessly and with tittle effort. Buttons and 
menu commands can be embedded in PCSWMM that send task informa­
tion and data to these programs, avoiding the need to develop separate 
interfaces and file handlers. This strategy can also be adopted by 
PCSWMM users and/or third parties as graduate code is often readily 
available. 

21.5 Conclusions 

We envision a shareware community consisting of consulting, 
municipal and post-secondary educational water quality and quantity 
modelers, with an ever-increasing number of enhancements being passed 
around, of which PCSWMM simply plays a part. Any computer equipped 
with a modem or internet access will be able to download these programs 
from Guelph and/or other locations (i.e. GLIN, CIESIN, etc). 

Most modern programming languages and application software 
packages support the DDE and OLE 2.0 standards, and with the prolifera­
tion of powerful, high level languages, such as Visual Basic and Galaxy, 
and wide adoption of the open structure approach to software develop­
ment, we will see a rapidly-expanding base of shareware in the water 
quality and quantity modeling arena. 
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